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The electrical conductivity properties of nickel nanostrands in polymer composite 
systems are investigated and characterized. Recently developed nickel nanostrands 
feature a three-dimensionally interconnecting and branching nanostructure that is shown 
to be highly effective at imparting electrical conductivity in polymer composites.  
A systematic investigation of material behaviors is undertaken, with results that have 
been or will be published in a series of journal articles. The content of the studies that 
form these articles is given herein as the core content of this work. The first study 
investigates the basic electrical and mechanical properties of nanostrands in a single 
polymer system. Key results indicate a strong dependence of conductivity properties on 
processing conditions, volume fraction of conductor, and sample geometry. Mechanical 
properties are not significantly altered by the presence of nanostrands. The dispersed 
nanostrand structure is next investigated through the development of statistical topology 
tools that can quantify nanostrand dispersions and correlate them to the electrical 
resistivity of composite films. Quantification of the dispersed nanostructure is a 
significant improvement over common literature approaches. The next step tests full 
percolation characterization across multiple polymer systems, and indicates a strong 
dependence on electrical resistivity between polymer types. Polymer constituent 
properties are found to be poor predictors of nanostrand composites conductivities, 




concluding investigation seeks electrical conductivity percolation models for nanostrand 
composites. Existing models show only moderate accuracy, and a newly developed 
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Polymer and fiber reinforced composites play an increasingly important role in 
commercial, defense, and private sectors. While polymeric systems are well suited for 
replacing metallic structures with respect to mechanical and processing properties, the 
electrical properties of polymeric systems are orders of magnitude apart from metals. 
This transition to polymeric systems occurs concurrently with an increase in utilization of 
and reliance on digital technologies which are highly sensitive to electromagnetic 
shielding.  
Traditional metal structures naturally present an electrically conductive and shielding 
material, as isotropic metals have free valence electrons to facilitate electrical conduction. 
Polymer matrix composites are naturally not as well suited, consisting of insulating or 
moderately conducting fibers in an insulating matrix. Thus, the challenge is to find 
methods of engineering electrical conductivity and shielding properties into polymers and 
polymer composite systems while preserving fundamental advantages (mechanical, 
manufacturing, density, cost, etc.).  
Traditional solutions for conductivity in polymers and polymer matrix composites 
have included metal filled polymers, intrinsically conductive polymers, and meshes, foils, 
and wires for laminate structures. The rapidly growing field of nanotechnology has 
presented new materials that can increase polymer composite conductivity. Traditional 
conductive additives (such as milled powders, coated spheres, platelets, etc.) have aspect 




have aspect ratios in the thousands. This aspect ratio advantage, combined with nanoscale 
geometries, means that less conductive material is required in terms of both volume 
percent and weight percent to achieve high conductivity levels [1-4].  
The overriding objective of this work is to seek understanding of the electrical 
properties of metal filled polymers using nickel nanostrands. Previously, the majority of 
studies on nanostrand systems have dealt with characterization through empirical results. 
A main deliverable of this work is to investigate structure property relationships within 
nanostrand composites in order to develop a better predictive capability for electrical 
conduction behaviors. This is accomplished through examining screening metrics and 
predictive variables for characterizing the polymer dependent, but processing method and 
volume fraction independent, electrical conduction of nanostrand composites. Another 
main goal of this study is to correlate host polymer physical characteristics to 
nanocomposite bulk electrical resistivity properties. This approach includes both classical 
percolation characterization and dynamic percolation characterization, along with several 
physical property tests on polymer constituents. A concluding step of this work is to 
identify suitable materials models for predicting and analyzing electrical percolation 
behaviors in nanostrand polymer composites.  
1.1 Brief Background: Understanding Metal Filled Polymers 
The electrical properties of metal filled polymer systems can be modeled using 
percolation theory [5-8]. Classical percolation theory considers a connected network of 
conductive links in a nonconductive matrix across an infinite sample. In a nanostrand 




throughout the polymer. When a sufficient volume of nanostrands are present to create an 
electrically conductive path, an abrupt change in conductivity is observed, referred to as 
the critical percolation threshold. The resistivity of the composite decreases dramatically 
above the percolation threshold, eventually approaching a stabilized conductivity level at 
the percolation limit. This limit presents a limiting value for well-dispersed conductive 
networks. For loadings beyond the percolation limit, a decrease in electrical and 
mechanical properties is often observed, indicating that the polymer host is no longer 
capable of facilitating additional increases in filler. A typical curve representing these 
behaviors is shown in Figure 1.1.  
1.2 Nanostrands: Metal Polymer Nanocomposites 
Nickel nanostrands (abbreviated as NiNS or NS) [9] are a relatively new material. 
They are a submicron diameter, high aspect ratio nanostructure. Nanostrands feature an 
intrinsic three-dimensionally interconnected structure that creates loops and demonstrates 
a branched nature, as shown in Figure 1.2. 
Nanostrands are manufactured as a continuously interconnected “cake” of nickel, 
which can be reduced to a nanostructured, high porosity, three-dimensional nickel 
powder. The cake is subjected to a shear process that “tears” the nanostrand volume into 
a nanostructured powder. These discretized nanostrand structures are the key to the 
observed performance of nanostrand polymer composites. Nanostrand structures at 

























Figure 1.3:  Nickel nanostrands dispersed in water at 0.5 volume percent (50 µm scale 
bar), cured epoxy at 5 volume percent (50 µm scale bar), and TPU elastomer at 10 
volume percent (20 µm scale bar). 
 
The looped and branched nature of the nanostrand structure allows for three-
dimensional interconnects, thus facilitating percolation at low volume fractions. The 
branches on each strand help create further radial interconnects, providing additional 
three-dimensional connection opportunities. For example, two parallel nanostrands do not 
need to be oriented to intersect along their major axis, as they can connect with radial 
branches. This branched nature can also offer benefits in applications requiring field 
effect properties as the branches can serve as a multiplicity of antennas and transmitters. 
 The nanostrand structure can be viewed as a “skeleton” rather than a full “body” (as 
with more solidly structured additive particles). The void space of the nanostrand 
structure is filled with the host substrate, facilitating better continuity of host material 
properties while still providing conductive interconnections. Nanostrand mixtures 
percolate to higher conductivity levels than have been demonstrated with carbon 
5 vol% in cured epoxy, 
500X
10 vol% in TPU elastomer, 1000X 0.5 vol% in water, 500X 
50 µm 
50 µm 20 µm 




nanomaterials [3, 10-12]. Nanostrand polymer film conductivities regularly measure at or 
over 100 S/cm across multiple polymers, and as high as 1400 S/cm at the percolation 
limit, which is significantly higher than the maximum conductivity of 100 S/cm reported 
for treated carbon nanotubes in a 2009 review by Bauhofer et al. [13]. The Bauhofer 
study considers carbon nanotube conductivity results that span 147 experimental results, 
and most authors in the Bauhofer study reported maximum conductivities between 10-6 
and 102  S/cm in electrical conductivity. Typical results for nanostrands span 10-3 to 103 
S/cm. A comparative percolation curve for nickel nanostrands and carbon nanofibers is 
shown in Figure 1.4. 
 
Figure 1.4: Percolative behaviors and resistivity of nickel nanostrands and carbon 
nanofibers in polyimide. Nanostrands percolate to resistivities that are several orders of 
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Nickel benefits from a metallic bonding structure, high electrical conductivity, and 
ferromagnetic properties. The raw material cost of nickel is relatively low and corrosion 
resistance is considered to be good.  
Nanostrand materials are formed as a crystalline chain structure, and are therefore 
sensitive to processing methods which can break down the structure and reduce the 
aspect ratio and interconnects of the structure. Care must be taken when producing 
nanostrand mixtures to not overmix the system and break down the strands [4, 9]. 
Nanostrand polymer composites have been able to achieve conductivities in excess 
of 5000 Siemens/cm, and have been demonstrated in applications including electrostatic 
discharge [14], electromagnetic shielding [15-17], conductive adhesives [18, 19], caulks 
and gaskets [20], paints [21, 22], and lightning strike protection [15, 22-26]. Previous 
studies have indicated that the resultant conduction of a nanostrand composite can depend 
on multiple factors. For example, an early study [27] indicates that the resistivity of 
nanostrand composites is a function of the type of polymer used as the matrix material. 
This work extends that early effort through a systematic characterization of nanostrands 
across multiple polymer systems, including modeling efforts. 
1.3 Processing Conditions, Electrical Resistivity, and 
Mechanical Properties 
Initial discovery work [28] for nanostrands focuses on the basic conductivity 
performance of nanostrand polymer composites in terms of volume fraction and 
processing conditions. Basic electrical and mechanical behaviors are considered by 




adhesive (Henkel® Hysol® EA 9396™). Independent parameters include volume 
fraction of nanostrands, sample thickness, and dispersion methods. Control variables 
include epoxy type, dispersion practices, and characterization methods.  
In brief summary, the electrical resistivity of nanostrand polymer composites in 
epoxy is observed to be 10-2 to 102 ohm-cm, depending on volume fraction, sample 
geometry, and dispersion method. Of particular note, the electrical resistivity of the 
nanostrand filled polymer system is not invariant with geometry; i.e., the electrical 
resistance of a sample does not rely linearly on sample dimensions and bulk electrical 
material properties. Conduction in these systems relies on percolated pathways, which 
introduces considerations that are nonlinear with changes in sample geometry. These 
considerations are factors such as the number of conductor insulator junctions, the 
distance between junctions, and characteristics of the dispersed conductive network. The 
mechanical strength of the composite system is not statistically different from the 
strength of the unfilled system at the volume loading and test methods considered (up to 
7.5 volume percent in lap shear).   
1.4 Quantifying and Correlating In Situ Nanostructures 
To better understand conduction in nanostrand polymer composites, the structure of 
the conductive network must be observed, characterized, and quantified. Despite recent 
advances in the use of nanomaterials, few tools have been developed to quantify the in 
situ dispersion of nanoconductors within a polymer. It is common to see the dispersion of 
nanomaterials discussed in the literature in terms of “good” or “poor”, rather than in a 




carbon nanomaterials in composite systems (for example [29-31]), but no previous work 
has approached quantifying and correlating the unique structure of nickel nanostrands in 
polymer composites. A technique for analyzing and quantifying the dispersed nanostrand 
structure can be used to correlate the conductivity of composites systems and provide 
insight when dispersed in polymers. Understanding the in situ structure gives valuable 
insight to the mechanisms of conduction seen between samples. The ability to quantify 
the actual nanostructure is an essential element to developing more universal models that 
predict the conductivity of nanostrand composites (or of any conductive filled system).  
 In brief summary, the in situ dispersed nanostrand structure is quantified and 
correlated through the development of statistical topology analysis tools. The tools that 
are developed can also be used to quantify the dispersion of conductors, providing a 
significant improvement over the qualitative or altogether absent statements that are often 
found in the literature regarding dispersions. The quantification method uses digital 
microscopy and standard software packages, such as Matlab® and Photoshop®. A 
correlation relationship is found between the nanostrand homology dispersion 
characteristics and nanostrand polymer composite resistivity properties. The effects of 
processing conditions can be monitored and correlated to sample properties. This 





1.5 Percolation in Multiple Polymer Systems and 
Characterization of Constituents 
The resistivity of nanostrand polymer composites is next investigated across multiple 
polymer systems. Full percolation curves for nanostrand polymer systems are also 
developed. As seen in Figure 1.5, prior percolation data for nanostrands focuses only on 
the percolation limit, and data at the percolation threshold is needed to fully understand 
conduction behaviors.  
 
 
Figure 1.5:  Regions of interest for further investigation into conduction mechanisms of 
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The chosen polymers are all commercially available “off the shelf” systems, and 
include solvated thermoplastic polyimide, water based acrylic/urethane, aerospace grade 
polyurethane, industrial epoxy, silicone, aliphatic urethane, polyimide, solvated 
thermoplastic polyurethane, and polyvinylpyrrolidone. Percolation test samples consist of 
thin films on electrically insulating substrates. The control variables in this test are 
dispersion practices, nanostrand quality, fabrication and cure practices, and film 
thickness. 
Each polymer system is tested for lyophilicity properties of the fluid (uncured or 
solvated) phase to a nickel surface, and also for hydrophobicity to the cured/set polymer 
surface. Cured polymer systems are also tested for voltage breakdown strength and 
electrical resistivity. These lyophilicity and hydrophobicity tests are used to investigate 
the effect of constituent materials surface energy interactions in dispersed nanostrand 
polymer conductivity properties. Nanostrand polymer samples are also tested for 
resistivity properties and mass during cure. All tests are correlated to the electrical 
conductivity of the cured nanocomposite films. 
In brief summary, a strong dependence is seen in electrical resistivity as a function of 
polymer type. All of the polymers are insulating in their unfilled state, and their transition 
to conductor is expected under percolation theory. However, variances of several orders 
of magnitude in electrical resistivity are seen across polymer types at each volume 
fraction of nanostrands. For example, 3 volume percent of nanostrands is past the 
percolation limit for most polymer systems. However, epoxy and silicone do not exhibit 




within 15 volume percent of nanostrands, yet the resultant electrical conductivity at this 
loading differs by nearly two orders of magnitude. The physical and energy properties of 
the constituent materials are found to be poor predictors for conductivity properties.  
1.6 Modeling Electrical Percolation in Nanostrand                   
Polymer Composites 
There has been very little previous investigation for conductivity models within 
nanostrand polymer composites. Previous efforts have found correlation to structure 
metrics [32] and quantum tunneling phenomena [33, 34]. These models do not fully 
account for DC conduction behaviors that are seen in nanostrand composites. 
A review is made of modeling approaches to electrical conductivity in conductor 
insulator binary systems, particularly for metal filled polymers. This review identifies 
several promising approaches for modeling conductivity of nanostrands in polymer 
systems. These approaches are tested against measured electrical percolation curves. 
In brief summary, suitable approaches from the literature are identified that 
approximate percolation conductivity behaviors for nanostrand polymer systems. The 
models are compared to empirical percolation data across multiple polymers. A new 
approach that combines a generalized effective media approach with tunneling 
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Several conductive nanomaterials are investigated for structural electrically 
conductive adhesive applications, including carbon nanofibers and nickel nanostrands. 
The suitability of nanostrands as a conductive filler is reviewed. Adhesive formulations 
based on Hysol 9396 epoxy are tested for electrical and structural properties. Several 
formulations are found to be capable of providing enhanced adhesive strength while 
affording excellent electrical conductivity. The development of full strength structural 
conductive adhesives can enable a wide range of applications where the strength of 
current commercially available electrically conductive adhesive systems is a limiting 
factor. Superior conductivity results are obtained by the nickel nanomaterials, with 
milliohm gap resistance and resistivity on the order of 10-2 ohm-cm possible at loading of 
5 volume percent. Initial results indicate that these systems present good survivability in 
thermal cycling conditions. 
2.2 Introduction 
 Electrically conductive adhesives have a long history as metal filled polymer systems 
[1]. Candidate materials have included silver, copper, nickel, and even organic materials 
such as carbon. The particular success of any filler, both technically and commercially, 
depends on various technical, practical, and economic considerations. Where conduction 
mechanisms across an adhesive bond are concerned, a primary performance metric is the 




filler volume fraction. Recent advances in nanotechnology have provided a new class of 
potential conductive fillers [2]. 
 In this study, a nanostructured metal filler is considered for electrically conductive 
epoxy adhesives. Nickel nanostrands have been the subject of recent investigation for a 
wide range of electromagnetic composites applications (for example, [2-8]). Nickel 
nanostrands (frequently abbreviated as NiNS) consist of high aspect ratio, three-
dimensionally interconnected branched and looped nanostructured aggregates of pure 
nickel (see Figure 2.1). Their geometry is particularly well suited to electrical conduction 
percolation mechanisms and electromagnetic shielding applications. The high aspect ratio 
of nanostrands lowers the volumetric percolation threshold for conduction, and also 
allows a greater number of effective conduction paths for a given volume fraction in 
polymer systems. This geometry also provides excellent conductivity at lower volume 
fractions than other nickel geometries [9, 10].  
Nanostrands present intrinsic advantages that are well suited for conduction 
mechanism in Electrically Conductive Adhesives (ECAs). The conductivity of nickel is 
beneficial over carbon nanofillers, and the raw material cost of nickel is attractive relative 
to silver. The electrical properties of nanostrand filled adhesives have been observed to 
compare well with silver and carbon filled adhesives as reported in the literature [11-13]. 
There are potential advantages to the use of nickel on corrosion sensitive platforms. The 
ferromagnetic properties of nickel present the possibility of anisotropic conduction 
behavior [14]. The conduction mechanism of nanostrands is such that lower volume 





Figure 2.1: Nickel nanostrands, 20 μm scale bar. 
 
and better mechanical properties. Nanostrands are easily dispersed in a wide range of 
polymeric systems by methods including centrifugal planetary mixers, doctor blade, and 
manual techniques.  Dispersions have been made in polyimides, urethanes, acrylics, 
epoxies, silicones, thermoplastic polyurethane, isocyanates, and even water.     
The purpose of this study was to identify salient metrics for creating a conductive 
structural ECA, and to identify a design envelope in terms of volume fraction and bond 
thickness for the conductivity of nickel nanostrands in Hysol EA 9396 epoxy adhesive. 
An additional intent of this study was to develop structural adhesives that show retention 
of lap shear strength relative to the unfilled adhesive system. All volume fractions used 




fractions of nanostrands or with alternate dispersion methods. While the results are 
particular to this system, the test methodology and principles observed can be extended to 
other polymeric systems. 
2.3 Experimental 
2.3.1 Preparation of Nanostrand Adhesive Systems 
 In this test, nanostrands were dispersed in a two part resin system. Dispersion and 
mixing of nanomaterials was conducted in catalyzed resin. Nanostrands may also be 
dispersed in resin components separately, and then combined and catalyzed at a later time 
[15].  
Nickel nanostrands are a continuous lattice of interconnected nickel chains, and 
are degraded excessively by high shear dispersion methods or sonication. Thus, low shear 
methods are most appropriate for achieving optimum electrical results. At the low 
volume fraction (1% to 6.5%) of conductor used in this study, there was found to be great 
latitude in dispersion requirements, as manually prepared samples exhibited similar 
performance to samples dispersed using an centrifugal planetary mixer. Due to their 
intrinsically three-dimensional structure, nanostrands are well suited for generating 
isotropic conductivity when dispersed in polymers. Nanostrands are manufactured as a 
continuously interconnected body of individual strands. Dispersion into polymeric 
systems requires a size reduction step in order to use the continuous nanomaterials as a 




nature. When properly dispersed, nanostrands are in the form of three-dimensional 
nanostructured aggregates, as illustrated in Figure 2.2. 
Figure 2.3 shows an SEM micrograph cross section of 5 volume percent (28 weight 
percent) nickel nanostrands dispersed in epoxy adhesive. This is representative of a 
typical loading in an ECA that will have milliohm resistance across a 0.25 mm bond gap. 
By comparison, silver filled ECAs are typically 58-78 percent silver by weight, which 
corresponds to 14-29 percent by volume.  
2.3.2 Electrical Testing – Bond Gap Resistance and Volume Resistivity 
 The properties tested in this study for the electrical performance of nanostrand 
adhesives were resistance between bonded surfaces (ohms) and bulk resistivity of the 
conductive adhesive (ohm-cm). The independent variables were bond thickness (gap 
distance) and volume fraction of nanostrands. Bond thickness was varied from 0.13 mm 
to 1.07 mm, and volume percentage of nanostrands was varied from 1 to 6.5 percent. 
Bond area was held constant at 1.267 cm2. Additional samples using an alternate 
dispersion technique and very thick bonds (up to 2.59 mm) were investigated at 5 volume 
percent. 
Bond gap resistance test specimens were fabricated by curing nanostrand adhesive 
between 6061 aluminum plates with a satin #4 brushed finish. All bonded surfaces were 
cleaned with laboratory grade alcohol immediately prior to bonding. Dielectric spacers 
were used to control bond thickness, with 12.7 mm diameter holes punched in the spacer 
for each test specimen. Replicate samples with a controlled dispersion method, bond area, 





Figure 2.2: Low volume fraction conductor sample (~1 vol%) showing dispersion of 




Figure 2.3: Five volume percent (28 wt%) nickel nanostrands dispersed in epoxy. This 
SEM cross section shows uniformity of dispersion and a large number of three-
dimensional conduction paths.  
 
Dispersed nanostrands are 









were fabricated for each bond thickness and volume fraction of nanostrands. The DC 
electrical resistance across each specimen was measured using a Kelvin probe method 
and a four point milliohmmeter (Extech model 380560). All readings were taken at 
ambient conditions. Images from this testing process are shown in Figure 2.4. Five 
readings for each sample group were averaged and inspected for statistical deviation. 
Bulk resistivity calculations were made using these samples (see ASTM D 2739 [16]). 
 
     
          a)                                                           b) 
     
   c)                                d) 
Figure 2.4: Test samples for measuring bond gap resistance and resistivity of conductive 
adhesive samples: a) Test strip, b) Kelvin probe resistance reading contact method (large 
backplate serves as common ground), c) global view of specimen under test, d) sample 





2.3.3 Lap Shear Strength 
 The primary purpose of this study was to develop ECA systems that retained the 
structural strength of the host adhesive while presenting low electrical resistance. The 
primary test method for structural properties used in this study was lap shear according to 
ASTM D1002 [17]. Both aluminum and carbon fiber composite adherends were tested. 
Aluminum adherends were found to be necessary for matching the adhesive 
manufacturer’s published strength properties. Carbon fiber adherend test data are 
presented for comparative aerospace purposes. 
2.3.4 Thermal Effects 
Thermal effects were investigated to study the mechanical integrity of nanostrand 
adhesive in extreme environments. Adhesive strength degradation by thermal cycling was 
tested by cycling bonded lap shear samples 25 times from -57 °C to +100 °C, with 
specimens of unmodified adhesive and nanostrand adhesive. Cycled specimens were 
compared to uncycled specimens using ASTM D1002. Quasi-isotropic carbon fiber 
composite plates of M55J fibers and RS3 resin were used for adherends.  
2.4 Results and Discussion 
2.4.1 Electrical Results 
 The results presented herein represent a general design envelope for the electrical 
properties of nanostrands in 9396 epoxy adhesive. Figure 2.5 presents the bond gap 
resistance as a function of bond thickness for several nanostrand concentrations. The 




   
Figure 2.5: Electrical resistance across bond gap of nickel nanostrand filled Hysol 9396 
epoxy joints (brushed #4 6061-T6 adherend, 12.7 mm diameter contact pad). Error bars 
represent plus or minus one standard deviation.  
  
thicknesses. These electrical results correlate to the structural properties presented in 
Section 3.2.  An alternate dispersion method produced an adhesive mixture that had a 
significantly higher viscosity, but also significantly lower resistance properties (as low as 
0.012 ohm-cm at 5 volume percent nanostrands). Results using the alternate method have 
been regularly repeated in laboratory investigations with thick bonds, but have not yet 
been the subject of further development. The structural properties of adhesive mixtures 
using this alternate dispersion method are not yet well known.  Resistance values below 
100 milliohms are seen in all formulations for bond thicknesses at or below 305 µm. 
Milliohm resistance is seen at thinner bondlines, and subohm resistance is seen at bond 
thicknesses up to 762 µm.  




Resistivity values are calculated by:  
ρ = RAl-1 [2.1] 
where ρ is the bulk resistivity (ohm-cm), R is the resistance value (ohm) across a path of 
length l (cm) and contact area A (cm2). Test results indicate that calculated bulk 
resistivity may range across 5 orders of magnitude, from 0.01 ohm-cm to over 100 ohm-
cm, as seen in Figure 2.6. 
The apparent increase in resistivity with bond thickness is likely due to an increasing 
number of particle to particle interconnects. While resistivity is intended to be an 
invariant material property, the nature of conduction in metal filled polymer systems, or 
any composite system, includes both microscale (such as quantum tunneling) and 
macroscale (distribution, contact resistance between particles) parameters. The diameter 
of a single nanostrand is 50 – 500 nm, however, the mean diameter of a nanostrand 
nanostructured cluster as distributed in a polymer (identified in Figure 2.2) is from 
approximately 100 µm up to a millimeter. This nanostructured aggregate is what forms a 
percolated pathway between bonded surfaces. Thin bond lines (a “shorter path”) allow 
this pathway to be formed with minimal (if any) junctions between nanostrand clusters. 
However, as the bondline increases in thickness (a “longer path”), the percolation 
pathway will include an increasing number of junctions between nanostrand bodies. 
These parameters contribute nonlinearly to increases in the electrical resistivity of the  
ECA. Accordingly, the calculated electrical resistivity of the material will vary with the 





Figure 2.6: Electrical resistivity of nanostrands in Hysol 9396 adhesive disc samples 
(brushed #4 6061-T6 adherend, 12.7 mm diameter contact pad). These values are 
calculated from the same samples used for bond gap resistance tests in Figure 2.5. Error 
bars represent plus or minus one standard deviation. 
 







Figure 2.7: Schematic showing effect of bond thickness on conduction mechanisms 
between bonded surfaces (side view). Thin bond lines may be bridged directly by 
nanostructured aggregates, while thicker bond lines must have more junctions between 
the conducting elements. 
        Thicker bond (longer path): 
conduction must rely on inter-
nanostrand junctions 
         Thinner bond (shorter path): 
possible for nanostructures to 
directly bridge conduction path, or 
very few contact points required 
note: NiNS = Nickel Nanostrands 
         Thinner bond (shorter path): 
possible for nanostructures to 
directly bridge conduction path, or 
very few contact points required 
        Thicker bond (longer 





conductivity considerations with respect to bond line thickness (see also [18]). Electrical 
conductivity results were compared to various literature values for carbon nanofiber filled 
adhesives [11-13, 19]. For all samples, the bond thickness is 0.127 mm. Values from the 
literature are for 5 volume percent of conductor. New values are also reported as part of 
this effort. For these samples, the volume loading of nickel nanostrands (NiNS) is 3.1 
percent, and the volume loading of carbon nanofibers (CNF) is 3.5 percent. The samples 
from this study likely provide the most accurate contrast, as they are a direct comparison 
from within the same experiment. All resistance values are compared in Figure 2.8. 
 
 
Figure 2.8: Bond gap resistance of carbon nanofibers and nickel nanostrands in adhesive. 
Nanostrand adhesives are orders of magnitude more conductive than carbon nanomaterial 











































































































The general trend observed is that nanostrand adhesive formulations are several 
orders of magnitude more conductive than carbon based nanomaterials. This observation 
is likely due to several factors, including conductor geometry, intrinsic conductivity, 
dispersion state, and the number of interparticle contacts. The improvement seen by 
nickel coating of carbon nanofibers indicates a likely decrease in contact resistance, but 
that does not fully account for the decrease in resistance seen with nanostrands. 
2.4.2 Structural Results 
 Lap shear properties were tested for several formulations of conductive adhesives 
using both carbon nanofibers and nickel nanostrands. These formulations include a 
proprietary dispersion method that produced an increase in the lap shear strength of the 
adhesive joint. These data points are denoted in Figure 2.9 with a star symbol (*). Several 
different formulations are capable of this increase in lap shear strength while providing 
electrical conductivity across the bond gap. All of the data in Figure 2.9 are for aluminum 
adherends prepared according to ASTM D3933 [20].  
Matching the strength of unfilled adhesive while imparting excellent conductivity is 
an exciting and pertinent result of this research effort. Furthermore, this has been 
achieved with multiple conductive fillers, including nanostrand fillers capable of 
milliohm level gap resistance. These results indicate excellent adhesive strength relative 
to previously reported values [21]. 
Scanning Electron Microscope (SEM) images of joint failure surfaces were obtained 






Figure 2.9: Lap shear strength of electrically conductive Hysol 9396 made with nickel 
nanostrands and carbon nanofibers. 
 
 
were used to investigate the dispersion state of the conductive fillers.  Example SEM 
images are shown in Figure 2.10 for nickel nanostrand and carbon nanofiber fillers.  
These SEM images indicate uniformity of dispersion for both conductive fillers.  
The lap shear strength of nickel nanostrands in Hysol 9396 for carbon fiber 
composite adherends is shown in Figure 2.11. Bonded surfaces were prepared by 
abrading with 100 grit sandpaper, then cleaning with technical grade isopropyl alcohol 
immediately prior to bonding. These data have been normalized by dividing all values by 





3.1 vol% Nickel Nanostrands 3.5 vol% Carbon Nanofibers 
 
Figure 2.10: SEM micrographs of nickel nanostrand and carbon nanofiber ECA lap shear 




Figure 2.11: Lap shear strength of Hysol 9396 as a function of volume percent of nickel 



































Thermal cycling testing was also conducted on lap shear samples with composite 
adherends. This test included only unfilled adhesive and 5 vol% nanostrand adhesive.  
Results from thermal cycling testing, shown in Figure 2.12, indicate that there is no 
statistically significant loss in lap shear strength after thermal cycling for nanostrand 
filled adhesive. These results have been normalized by dividing all values by the tested 
strength of the nonconductive and nonthermally cycled adhesive. Other authors have 
reported similar results for the lap shear strength of thermally cycled nanoconductor filled 
electrically conductive adhesive joints [11]. 
 
 
Figure 2.12: Lap shear strength of Hysol 9396 and nickel nanostrands in Hysol 9396 
adhesive before and after thermal cycling. Samples were tested using carbon fiber 







 The development of full strength structural conductive adhesives can enable a wide 
range of applications where the strength of currently available ECA systems is a limiting 
factor. Structural ECA systems have been investigated at low volume fractions of carbon 
nanofibers and nickel nanostrands, with superior conductivity results provided by the 
nickel nanomaterials. Milliohm gap resistance and resistivity on the order of 10-2 ohm-cm 
are possible at loadings of 5 volume percent. Initial results indicate that these systems 
present good survivability in thermal cycling conditions. 
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The development of electrically conductive polymer composite systems continues to 
be an area of wide interest. In this work, a method is presented for quantifying the 
macroscale dispersion characteristics of electrically conductive nickel nanostrands in 
polymer systems. A single polymer system is considered at multiple volume fractions of 
nanostrands, with variations in dispersion processing practices. Image analysis methods 
based on statistical homology parameters are developed to characterize samples of the 
dispersed nanostructure, including nearest neighbor distance, mean cluster size, 
area/perimeter ratios, and topological Betti number metrics. It is found that the Betti 
numbers are particularly well suited for monitoring nanostrands dispersed in polymer 
systems. Correlation of the dispersed structure to the electrical conductivity properties of 
the nanocomposite system is demonstrated. The method is well suited as a batch 
sampling technique for monitoring nanostructures during dispersion processes, and is 
also analogous for any dispersed system that involves highly structured materials. 
3.2 Introduction 
Polymer and fiber reinforced composites play an increasingly important role in 
commercial and defense sectors. While these systems are often well suited for replacing 
metallic structures with respect to mechanical and processing properties, the electrical 
properties of polymeric and fiber reinforced polymeric systems are significantly less 




occurs concurrently with growth in the utilization of and reliance on digital technologies, 
where electrical conductivity properties are increasingly critical.   
Metals present a naturally conductive material, as metals generally have isotropic 
properties and free valence electrons to facilitate conduction. Composites are naturally 
not as well suited for electrical conductivity purposes, consisting of dielectric fibers or 
moderately conducting fibers in an insulating matrix. Thus, the challenge is to find 
methods of engineering electrical conductivity and electromagnetic shielding properties 
into polymers and composite systems while preserving the intrinsic advantages 
(mechanical, manufacturing, density, cost, etc.) of the polymer composite material. 
Electrically conductive polymer composites are desired in a large range of applications, 
including grounding, protection from electrostatic discharge (ESD), electromagnetic 
interference (EMI), and lightning strike effects (both direct and indirect). It should be 
noted that the above list considers only end use requirements of polymer composites, and 
there are other potential advantages to conductive polymer composites in processing, 
application, and extended multifunctional roles.  
Traditional solutions for conductivity in polymers and composites have included 
metal filled polymers and intrinsically conductive polymers, along with meshes, foils, 
and wires for laminate structures. Metal filled polymer solutions have been incorporated 
directly into structures and also applied as a secondary surface coating. Conventional 
fillers materials, such as metal coated spheres or metal flakes, generally require a 




The rapidly growing field of nanotechnology has presented many new and exciting 
materials that can be used more efficiently and with better performance than previously 
possible. The ability to design and create at the nanoscale has afforded new concepts and 
materials to help improve the electrical conductivity in composites 1,2. Newly available 
conductive nanoparticles have shown great advances over previously available 
conductive particles for increasing the conductivity of polymer composites 3-5. 
These new nanomaterials demonstrate some fundamental differences from 
previously available conductive particles, primarily in geometry. There are many 
important factors in adding conductive particles to nonconductive matrixes. Particle 
geometry is of primary importance. While previous conductive additives (such as milled 
powders, coated spheres, platelets, etc.) have aspect ratios on the order of 1 to 10, newer 
nanoparticles (such as carbon nanofibers) have aspect ratios in the thousands. This fact, 
in combination with the nanoscale diameter of these particles, means that less material is 
required, both in terms of volume percent and weight percent, to achieve the same 
conductivity levels 6-9.  
The objective of the current study is to seek understanding of the structure property 
relationships that govern conduction in metal nanomaterial filled polymers; specifically, 
those using nickel nanostrands. Such polymer nanocomposites have shown great promise 
in a wide range of applications, and a need exists for an advanced understanding of the 
conduction mechanisms with composites samples. The main objective of this work is to 
develop a method for characterizing and quantifying the dispersed nanostrand structure. 




resistivity properties. The methods developed will be analogous to other systems that 
involve dispersion of highly structured materials.  
3.3 Metal Filled Polymers 
 Electrical properties of metal filled polymer systems can be modeled using 
percolation theory10-13. Classical percolation theory considers a network of conductive 
links in a nonconductive matrix, and models the connectivity across an infinite sample of 
a network structure. In a nanostrand composite, this network structure is created by 
nanostrands connecting throughout the sample. When a sufficient volume of nanostrands 
are present to create an electrically conductive path through a volume, an abrupt change 
is conductivity is observed, referred to as the percolation threshold. For loadings at and 
above this value, the resistivity of the composite follows a power law given by 14:  
ρ ~ (ν – νc ) 
-t (3.1) 
where ν represents the volume fraction of conductive material, νc represents the critical 
volume fraction of the percolation threshold, and t is a universal constant, which for a 
three-dimensional material approximately equals 2 (variations in the scaling exponent 
have been reported, for example, see reference 15).  
The resistivity of the composite continues to follow this power law until a 
percolation limit is reached. This loading presents a limiting value for the formation of 
well dispersed conductive networks. For loadings above this value, a decrease in 




longer capable of facilitating additional increase in metallic filler. A typical curve 
representing these behaviors is given in Figure 3.1. 
Parameters such as aspect ratio, curvature and alignment of fillers often factor 
strongly in percolation models 16-19. In a filled polymer composite, electrical resistivity is 
dominated by resistance between contacting or neighboring conductive elements (these 
contact areas are referred to as junctions), with the resistance across a connected 
component of conductive filler often adding a negligible amount to the total. For 
junctions with very small gaps (of the order of 1 nm) the junction resistance may be 
modeled by assuming a quantum tunneling effect 20. A combined tunneling percolation 
model has been applied to carbon nanocomposites with reasonable results 21,23. Recent 
studies have shown excellent correlation for the application of this combined tunneling 
percolation model to piezoresistive nanostrand polymer composites 24. 
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3.4 Nanostrands: Metal Polymer Nanocomposites 
 Nickel nanostrands 24 are a relatively new material that offers significant advantages 
over alternative conductive fillers due to their metallic and geometrical properties. They 
are a submicron diameter, high aspect ratio nanostructure. Nanostrands feature an 
intrinsic three-dimensionally interconnected structure that creates completed loops and 
demonstrate a branched nature (see Figure 3.2). 
Nanostrands are manufactured by a proprietary “bottom up” manufacturing method, 
using low temperature Chemical Vapor Deposition (CVD), as a continuously 
interconnected “cake” of highly structure nickel chains. This continuous form can be 
reduced to a nanostructured high porosity three-dimensional powder (see Figure 3.3). 
Nanostrands can be used in composites via two methods. First, this “cake” can be 
used as a preform and infused with polymer. Second, the nanostructured aggregate 
powder form can be dispersed in a host matrix. The latter practice is most typical. 
Nanostrand powder clusters contain major nanostrands that interconnect and also contain 
branches, some of which interconnect again and some of which contain open ends. These 
nanostructured clusters are the key to the observed performance of nanostrand polymer 
composites, and to understanding their structure property relationships. Nanostrand 
structures at various volume fractions are visible in Figure 3.4. 
The unique properties of nickel nanostrands are well suited to achieving excellent 
conductive properties in polymers relative to other metal fillers or nanoparticles. The 
high aspect ratio of individual strands requires fewer particles for effective volumetric 
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Figure 3.4:  Left to Right: Nickel nanostrands dispersed in water at 0.5 volume percent, 
optical micrograph (50 µm scale bar), cured epoxy at 5 volume percent, SEM backscatter 
image (50 µm scale bar), and TPU elastomer at 10 volume percent, SEM backscatter 
image (20 µm scale bar). 
 
 
for a high number of three-dimensional interconnects, and therefore higher conductivity. 
This looped nature also has some important implications in electromagnetic shielding 
performance. The branches on each strand help create further radial interconnects, and 
provide additional three-dimensional connection opportunities (for example, two parallel 
nanostrands do not need to intersect along their major axis, but can rather connect with 
branches extending transverse from the major axis). This branched nature can also offer 
benefits in mechanisms requiring wave properties, as the branches can serve as a 
multiplicity of antennas and transmitters. 
A further feature found in nanostrand geometry is that the particle can be viewed as a 
“skeleton” rather than a full “body” (as with more solidly structured additive particles). 
5 vol% in cured epoxy, 500X 10 vol% in TPU elastomer, 1000X 0.5 vol% in water, 500X 
50 µm 
50 µm 20 µm 




The void space of the nanostrand structure is thus filled with the host substrate, 
potentially facilitating better bonding and preservation of material properties while 
providing a conductive skeleton structure. Nanostrand mixtures will percolate to much 
higher conductivity levels than have been demonstrated with carbon nanomaterials 
6,7,10,25.  
As a metal, nickel benefits from a metallic bonding structure, high electrical 
conductivity, and ferromagnetic properties. The raw material cost of nickel is relatively 
low, and corrosion resistance is quite good. However, nanostrands are relatively weak 
compared to carbon nanofibers. Nanostrand materials are formed as a crystalline chain 
structure, and are therefore sensitive to processing methods which can break down the 
structure and reduce the aspect ratio and interconnects of the structure. Care must be 
taken when producing nanostrand mixtures to not over mix the system and break down 
the strands 24,27. 
3.5 Understanding Conductivity in Nanostrand                
Polymer Composites 
Nanostrand polymer composites have been shown to achieve conductivities in excess 
of 5000 Siemens/cm, and have been demonstrated in applications including electrostatic    
discharge 24, electromagnetic shielding 28-30, conductive adhesives 31,32, caulks and 
gaskets 33, paints 26,34, and lightning strike protection 28,34-38. Previous studies have 
indicated that the resultant conduction of a nanostrand composite can depend on multiple 
factors. For example, an early study 39 indicates that the resistivity of nanostrand 




for elucidating nanostrand behaviors and identify the variables which are most salient to 
electrical conduction. To date, the majority of studies on nanostrand systems have dealt 
with the empirical results of nanostrand polymer composites.  Few authors have sought or 
developed an understanding of the structure and mechanisms of conductivity within 
nanostrand polymer composites.  The goal of this study is to develop tools to correlate 
dispersion characteristics to nanocomposite bulk electrical resistivity.  
3.6 Materials and Methods 
3.6.1 Materials 
The polymer chosen for this study is a widely available commercial water based 
coating system, Minwax® Polycrylic® acrylic/urethane. This system was chosen for its 
optical clarity, ease of use, commercial availability, relevant applications, and correlation 
to previous data 26,40. The system was used in the as received state, which was found to be 
31 weight percent polymer solids with a cured resin density of 1.2 g/cc. Nickel 
Nanostrands were provided by Conductive Composites and dispersed according to the 
manufacturer’s recommendations, with a density value of 8.92 g/cc. Volume and mass 
fractions were calculated based on the densities of each constituent. All samples were 
mixed by mass fraction. 
3.6.2 Dispersion: Conductivity Samples 
A desired volume fraction of nickel nanostrands was added to a polymer sample, 
then “wet” by manual mixing methods. Dispersion was achieved by using a Thinky AR-




was used for baseline samples. This nanostrand polymer composite was then used as a 
conductive coating. Coating samples were screened through a -50 woven stainless steel 
mesh before spray application. Witness films were produced by spraying for different 
mixing durations, from 20 seconds (minimum mixing time) to 500 seconds (intentionally 
overmixed). Spray coatings were applied with a DeVilbiss FLG-3 High Volume Low 
Pressure (HVLP) gravity feed spray gun. A size 22 tip and Size 3 HVLP air cap were 
used, with nozzle pressure typically below 10 psi.  
3.6.3 Dispersion: Imaging Samples 
Nanostrand polymer systems typically are visibly percolated at volume fractions of 
nanostrands above 0.5%, and imaging of samples above this loading is challenging (due 
to the superposition of strands). However, the electrical conductivity of the 
nanocomposite at these levels is very close to the percolation threshold, and results can 
be highly sensitive with respect to differences in conductor volume fraction. Accordingly, 
samples for image analysis and dispersion characterization were taken at 0.1 volume 
percent of nanostrands. This low volume fraction allows for easier identification of 
discrete nanostrand structures. Images at this low volume fraction are then correlated to 
the conductivity of samples at 10 volume percent of nanostrands that are produced using 
identical dispersion procedures. These higher loading are closer to the percolation limit, 
where conductive behaviors are much less sensitive to slight changes in conductor 
volume fraction. Thus, the low volume fraction samples easily allow the feature of the 
nanostrands to be measured, while the higher volume fraction provides more reliable 




 Multiple samples from each mixture were taken at various stages in processing.  
Three drops of nanostrands dispersed in fluid were taken from each sample and placed on 
a microscope slide, and each drop was then placed under a digital microscope at a fixed 
magnification. Three images were taken from each sample drop.  
3.6.4 Resistivity and Thickness Measurements 
Areal surface resistivity readings on coating samples were taken using an ohm-per-
square jig and a four point Kelvin probe resistance method (per MIL-DTL-83528C 41). 
The ohm-per-square jig uses two copper bars 2.54 cm in length and 6.35 mm wide, and 
6.35 mm high. These bars are bonded to a jig that separates them by a distance of 2.54 
cm, thus a unit square with a surface area of 6.45 cm2 is measured between contact paths. 
Kelvin probe leads are attached to each bar, and resistance readings are taken across the 
surface of each sample. An Extech 380560 High Resolution Precision Milliohm meter 
was used for all resistance readings below 20 kΩ. In the rare case of resistances above 
20kΩ, readings were taken with a handheld multimeter. Thickness readings were taken 
with a micrometer with 0.00254 mm (0.0001 inch) capability. Sample conductivities 
were calculated using a thin film approximation and surface resistivity according to: 
σ-1 =  ρ = Rs(A/l) (3.2) 
where σ is the electrical conductivity of the nanocomposite (Siemens/cm), ρ is the 
electrical resistivity (ohm-cm), Rs is the surface resistivity (ohm-per-square), l is the 
length of the separation path (cm), and A is the cross sectional area of the film between 




3.7 Results and Discussion 
3.7.1 Spray Film Electrical Percolation  
Test specimens of nanostrand polymer mixtures were spray applied (for uniformity) 
to an electrically insulating Kapton® polyimide film substrate, then tested for electrical 
resistivity. The data for these are given in Figure 3.5. The electrical resistivity trend 
follows the behavior shown in Figure 3.1; showing that the percolation threshold is 
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3.7.2 Processing Conditions and Resistivity 
The length of mixing time is a strong factor in the conductivity of a nanostrand 
composite, as excessive mixing will degrade the aspect ratio of the conductors. The data 
in Figure 3.6 show the relationship of mixing time to film conductivity for sprayed 
coating films at 15 volume percent nanostrands with a 0.10 mm film thickness. For this 
system and mixing method, 20 seconds is a general minimum mixing time. Mixing for 60 
seconds by this method is representative of a sample that has settled and been remixed 
several times. Mixing for 500 seconds by this method is needlessly over processed. The 
data in Figure 3.6 have been normalized to the results at 60 seconds of mixing time. The 
conductivity of the coating specimen is seen to vary by an order of magnitude across the 
range of mixing times. 
 
Figure 3.6:  Electrical resistivity as a function of mixing time, 10 volume percent 










































3.7.3 Quantifying and Correlating Electrical Conductivity and Processing      
Conditions to In Situ Nanocomposite Structures 
Despite the recent advances in the use of nanomaterials, few tools have been 
developed to quantify the in situ dispersion of nanomaterials within a polymer. Several 
authors have reported results for quantifying the dispersion of carbon nanomaterials in 
composite systems (for example,42-44), but no previous work has been undertaken on 
quantifying the unique nanostructure of nickel nanostrands in polymer composites, with 
correlation to resultant electrical conductivity. The ability to quantify the dispersed 
nanostructure will be an essential element to developing more universal models that 
predict the conductivity of nanostrand composites (or of any conductive filled system). 
This is the first study that quantifies the in situ structure of nanostrand polymer 
composites and correlates to electrical conductivity in a dispersed system. 
An essential element of a useful technique is the ability to quantify the dispersed 
nanostructure when still in a wet polymer dispersion form, as well as in a dry format. 
Thus, the nature of the nanostructure can be monitored real time during dispersion 
practices. Additionally, a desirable feature is that the required equipment should consist 
of standard microscopes and commercial software. 
Three main types of parameters are pertinent to nanostrand dispersions: clustering 
parameters (such as cluster size, perimeter ratio, etc), dispersion parameters (such as 
nearest neighbor functions), and the herein named “preservation parameters” 
(percolation, Betti numbers). The mean cluster size metric is analogous to measuring an 




smoothness or regularity of a structure (circles will have a very high area/perimeter ratio, 
whereas more irregular shapes, such as a star, will have a lower area/perimeter ratio). The 
nearest neighbor metric calculates the closest distance between adjacent discrete 
structures, giving an averaged measure of how close dispersed features (electrically 
conductive nanostructures in this case) will be to each other. The Betti “preservation 
parameters,” as introduced in this work, are metrics that are used to monitor the structure 
and condition of dispersed conductors throughout processing and dispersion steps. 
Processing steps will alter or break down the conductive structures, and thus also affect 
the conductivity of the resulting composite. The approach to using preservation 
parameters is somewhat unique to the nanostrand structure, but can be extended to any 
system with a high aspect ratio or interconnected structure.  
The calculation of the Betti numbers is particularly well suited to monitoring 
nanostrands in dispersion. The Betti numbers are invariants used to characterize 
topological features within a space. The Betti numbers increase in order as the 
unconnected surfaces of the features they represent increase in dimension. The first Betti 
number (dimension 0, β0) counts the number of objects or connected components within 
a space (as applied herein, the number of independent nanostrand structures). The second 
Betti number (dimension 1, β1) gives the number of completely enclosed holes or tunnels 
(preserved openness and connectedness of nanostructure). The third Betti number counts 
objects with two dimensional surface features, such as enclosed holes or voids. Two 





An increase in the first Betti number (increasing the number of discrete nanostrand 
structures at a given volume fraction) accompanied by a decrease in the second Betti 
number (decrease in the open connected branching nature of the strands) should correlate 
to a breakdown of the nanostrand structure and a decrease in the conductivity of 
nanostrand polymer composites. Thus, the ratio of the second Betti number to the first 
Betti number provides a measure of the breakdown of a dispersed nanostrand structure. 
A method was developed for obtaining optical images of nanostrands dispersed in 
polymer at intervals during processing steps. These images were enhanced using an 
automated series of Photoshop® commands, then imported into Matlab® as a binary array. 
This array can then be further thresholded and optimized for statistical analysis. Matlab 
subroutines were written for calculating the mean cluster size, nearest neighbor distance, 
and area/perimeter ratio. Betti numbers were calculated using a Matlab subroutine with 
code available as part of the Computational Homology Project (CHomP) 42 from Rutgers 
University. Typical images from this process are shown in Figure 3.7. 
 
     
a) b) c) 
Figure 3.7:  Progression for preparing images for statistical homology analysis:. a) as 
obtained from microscope, b) enhanced using Photoshop® commands, c) following 




3.7.4 Quantified Image Correlation and Dispersion Methods 
Figure 3.8 shows representative images for processing steps, one with standard 
processing, and the second with additional processing. The averaged statistical results of 
each set are reported in Table 3-1. 
The mean cluster size metric shows correlation to reductions in conductivity in the 
sample, as electrical conductivity diminishes with cluster size. This is expected based on 
the visible changes in the overall diameter of the nanostrand structures, and the associated 
capability of the nanostructure to provide percolated conductivity through a space. The 
area/perimeter ratio and nearest neighbor metrics remain nearly constant across sample 
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Figure 3.8:  Black and white bitmap image replicate sets used for calculating statistical 
imaging parameters. A1 though A3: standard dispersion method (60 seconds of mixing 
time). B1 through B3: significant additional processing (500 seconds of mixing time). 








Image Set A 
(less processing) 




Mixing Time (seconds)  60 500  
Mean Cluster Size (pixels) clustering 528 397 good 
Area / Perimeter Ratio dispersion 1.27 1.31 poor 
Nearest Neighbor Distance dispersion 20.3 20.3 poor 
0 (first Betti number) preservation 52 81 good 
1 (second Betti number) preservation 1645 1418 good 
1/0 preservation 36.1 18.7 good 
Conductivity (10 vol%, S/cm)  120 12  
 
 
sets, showing little sensitivity to structure changes and no correlation to changes in 
coating film conductivity. The Betti parameters are well correlated to coating film 
electrical conductivity values, showing expected changes in both the first and second 
Betti numbers that correlate to electrical conductivity readings.  
 A limitation of this two dimensional method is that imaging must be done at a 
volume fraction loading where the nanostructures are visible, which is near the 
percolation threshold. Electrical resistivities are highly sensitive in this region due to the 
nature of the onset of electrical conduction (see Figure 3.1). It is difficult to obtain 
reliable resistivity readings in this region, regardless of processing methods or 
nanomaterial structure. Accordingly, electrical conductivities for films are measured in a 
parallel set of samples that are subject to the same processing steps, but contain a higher 
volume fraction of nanostrands at a value closer to the more stable percolation limit. This 




(such as when sampling from a large master batch of higher volume fraction). The 
correlation of statistical imaging properties to film conductivities is shown in Figure 3.9. 
The Betti numbers are for samples at low volume fraction, and electrical conductivity 
values are from parallel samples at higher volume fraction. Both samples sets are subject 
to the same processing conditions, and the lower volume fraction set represents a thinned 
sample of the higher volume fraction set. The data are averaged based on five sample 
images from each mixing time. 
 
 
Figure 3.9:  Correlation of imaging “preservation parameters” to nanostrand/polymer film 
electrical conductivity. Imaging statistics are taken at 0.1 volume percent, electrical 
conductivities (from Figure 3.6) are taken at 10 volume percent. Preservation parameters 
are normalized to results at 60 seconds of mixing time. 
 

























































An increase in the first Betti number (individual objects), accompanied by a decrease 
in the second Betti number (enclosed voids within volume, representing nanostrand 
porosity and interconnectedness), correlates to a decrease in conductivity. A notable 
feature of this method is that the nanostructure can be monitored real time during 
dispersion, and then correlated to a final conductivity value.  
Though particularly suited to nanostrands, the ability to use this new method to 
quantify and correlate actual nanostructure dispersions can be used to better understand 
any dispersed system. This method can also be used as a quality control tool, where batch 
samples can be thinned, imaged, and analyzed at any step during processing. This process 
provides a predictive tool that can relate wet phase dispersions to end use properties. It is 
also noted that this method as presented above uses only microscale imaging methods, 
though an extension to the nanoscale is a natural next step and has already been 
demonstrated by other authors 43.  
Ongoing research is focusing on developing a better understanding of nanostrand 
conduction, including investigation into fundamental polymeric physical properties that 
drive differences in conduction. The polymer filled junction that exists between dispersed 
nanostrand structures is also an area of great relevance. Three-dimensional methods for 







An enhanced understanding of the dispersed nanostrand structure has been gained 
through the development and assessment of image based characterization methods. These 
methods include the quantification of topological parameters in the dispersed structure 
that can affect electrical percolation properties. While not all of the topological 
parameters tested are effective at measuring differences in the dispersed nanostructure 
during processing steps, the Betti number based “preservation parameters” show good 
correlation to both observed structure characteristics and measured electrical 
conductivities in cured films. The correlation of dispersion characteristics to measured 
physical properties indicates promise for this tool to correlate nanostrand dispersions 
during mixing steps, thus developing a predictive quality control tool based on batch 
sampling. Though this method has been presently developed specifically for nickel 
nanostrands, it can be used as a quantified method for characterizing and measuring 
dispersions of other materials, with particular application for highly structured materials. 
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The electrical percolation behaviors of nickel nanostrands in polymer composites are 
considered and studied in a wide range of polymer systems. The critical percolation 
threshold and percolation limit are presented, along with maximum electrical 
conductivities. Electrical percolation is found to vary widely in different types of 
polymers. Polymer physical properties are investigated for electrical resistivity, dielectric 
breakdown strength, wetting characteristics, resistance during cure, and solids weight 
percentage. These properties are then correlated to nanostrand polymer film 
conductivities. A combination of standard test methods and novel test methods are used. 
The intention of these tests is to seek correlation to both the wet phase dispersion of 
nanostrand in fluid polymer systems and the final solid phase, both with and without 
nanostrands. Ultimately, a screening/predictive tool is desired that will help predict 
conductivity results of nanostrands in polymer systems. It is found that the both the wet 
phase and solid phase polymer properties investigated in this study show poor prediction 
to polymer composite electrical conductivities. It is expected that test methods that are 
able to determine the thickness of and predict quantum tunneling effects at the nanostrand 
polymer junction will provide better correlation. 
4.2 Introduction 
Polymer and fiber reinforced composites play an increasing role in commercial, 
defense, and private sectors. While polymeric systems are well suited for replacing 
metallic structures with respect to mechanical and processing properties, the electrical 




systems. This transition to polymeric structures and systems occurs concurrently with an 
increase in utilization and reliance on digital technologies.  
Traditional metal structures present a naturally effective conductive material, as 
isotropic metals have free valence electrons to facilitate conduction. Polymer matrix 
composites are naturally not as well suited, consisting of insulating or moderately 
conducting fibers in an insulating matrix. Thus, the challenge is to find methods of 
engineering electrical conductivity and shielding properties into polymers and polymer 
composite systems while preserving the fundamental advantages (mechanical, 
manufacturing, weight, cost, etc.) of polymer composites. Traditional solutions for 
conductivity in polymers and polymer matrix composites have included metal filled 
polymers and intrinsically conductive polymers, along with meshes, foils, and wires for 
laminate structures. The rapidly growing field of nanotechnology has presented new 
materials that can be used to increase polymer conductivity more efficiently and with 
better performance. While traditional conductive additives (such as milled powders, 
coated spheres, platelets, etc.) have aspect ratios on the order of 1 to 10, newer 
nanoparticles (such as carbon nanofibers) have aspect ratios in the thousands. This fact, 
in combination with the nanoscale diameter of these particles, means that less conductive 
material is required, both in terms of volume percent and weight percent, to achieve high 
conductivity levels [1-4].  
The objective of this study is to seek understanding of the structure property 
relationships that govern conduction in metal nanomaterial filled polymers using nickel 
nanostrands. A further intent of this effort is to find screening and predictive variables for 




independent) electrical conduction of nanostrand composites. To date, the majority of 
studies on nanostrand systems have dealt with the empirical results of nanostrand 
polymer composites. Few authors have sought an understanding of the fundamental 
mechanisms of conductivity within nanostrand polymer composites.  Thus a main goal of 
this study is to investigate the polymer dependent conduction properties of nanostrand 
composites, and to correlate host polymer physical characteristics to nanocomposite bulk 
electrical resistivity properties. This approach includes classical percolation 
characterization along with several tests on polymer constituents. This is believed to be 
the first publication that presents nanostrand polymer electrical percolation curves that 
extend to the percolation limit. The onset of conduction in samples during cure is also 
studied.  
4.2.1 Metal Filled Polymers 
Electrical properties of metal filled polymer systems can be modeled using 
percolation theory [5-8]. Classical percolation theory considers a network of conductive 
links in a nonconductive matrix, and models the connectivity across an infinite sample of 
a network structure. In a nanostrand composite, this network structure is created by 
nanostrands connecting throughout the sample. When a sufficient volume of nanostrands 
are present to create an electrically conductive path through a volume, an abrupt change 
is conductivity is observed, referred to as the critical percolation threshold. For loadings 
at and above this value, the resistivity of the composite generally follows a power law 
relation given by [9]:  






where ν represents the volume fraction of conductive material, νc represents the critical 
value of the percolation threshold, and t is a universal constant, which for a three-
dimensional material approximately equals 2. The resistivity of the composite generally 
follows this power law from the percolation threshold until a percolation limit is reached. 
This loading at the percolation limit presents a limiting value for well dispersed 
conductive networks. For loadings above this value, a decrease in electrical and 
mechanical properties is often observed, indicating that the polymer host is no longer 
capable of facilitating additional increases in filler. A typical curve representing these 
behaviors is shown in Figure 4.1. The correlation of nanostrand percolation to material 
models is not presented herein, and will be the focus of future works by the authors. 
4.2.2 Nanostrands: Metal Polymer Nanocomposites 
Nickel nanostrands [10] are a relatively new material (abbreviated as NiNS or just 
NS). They are a submicron diameter, high aspect ratio nanostructure. Nanostrands feature 
an intrinsic three-dimensionally interconnected structure that creates loops and 
demonstrate a branched nature as shown in Figure 4.2. 
Nanostrands are manufactured as a continuously interconnected “cake” of nickel, 
which can be reduced to a nanostructured high porosity three-dimensional nickel powder. 
The cake is subjected to a process which tears apart the nanostrand volume into 
nanostructured powder. The cake can be used as a preform and infused with polymer, or 
the nanostructured powder form can be dispersed in a host matrix. The latter practice is 





Figure 4.1:   General electrical percolation behavior of conductive filled polymer 
systems. 
 
performance of nanostrand polymer composites. Nanostrand structures at various volume 
fractions are visible in the micrographs in Figure 4.3. 
The looped and branched nature of the nanostrand structure allows for three-
dimensional interconnects, and therefore three-dimensional percolation at low volume 
fractions. The branches on each strand help create further radial interconnects, and 
provide additional three-dimensional connection opportunities (for example, two parallel 
nanostrands do not need to be oriented to intersect along their major axis, as they can 
connect with radial branches). This branched nature can also offer benefits in applications 
requiring wave properties, as the branches can serve as a multiplicity of antennas and 
transmitters. 
The nanostrand structure can be viewed as a “skeleton” rather than a full “body” (as 














Figure 4.3:  Nickel nanostrands dispersed in water at 0.5 volume percent (50 µm scale 
bar), cured epoxy at 5 volume percent (50 µm scale bar), and TPU elastomer at 10 
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5 vol% in cured epoxy, 500X 10 vol% in TPU elastomer, 1000X 0.5 vol% in water, 500X 
50 µm 




structure is filled with the host substrate, facilitating better bonding and preservation of 
material properties while still providing conductive interconnections. Nanostrand 
mixtures percolate to higher conductivity levels than have been demonstrated with carbon 
nanomaterials [3, 11-13]. This study will present nanostrand polymer film conductivities 
which regularly measure at or over 100 S/cm across multiple polymers, and as high as 
1400 S/cm at the percolation limit. This is higher than the maximum conductivity of 100 
S/cm reported for treated carbon nanotubes in a 2009 review by Bauhofer et al. [14]. The 
Bauhofer study considers carbon nanotube conductivity results that span 147 
experimental results, and most authors in the Bauhofer study reported maximum 
conductivities between 10-6 and 102 S/cm electrical conductivy. Typical results in this 
study span 10-3 to 103 S/cm. 
Nickel benefits from a metallic bonding structure, high electrical conductivity, and 
ferromagnetic properties. The raw material cost of nickel is relatively low, and corrosion 
resistance is quite high. However, nanostrands are relatively weak physically compared 
to carbon nanofibers. Nanostrand materials are formed as a crystalline chain structure, 
and are therefore sensitive to processing methods which can break down the structure and 
reduce the aspect ratio and interconnects of the structure. Care must be taken when 
producing nanostrand mixtures to not overmix the system and break down the strands [4, 
10]. 
4.2.3 Understanding Conductivity in Nanostrand Polymer Composites 
Nanostrand polymer composites have been able to achieve conductivities in excess 




discharge [15], electromagnetic shielding [16-18], conductive adhesives [19, 20], caulks 
and gaskets [21], paints [22, 23], and lightning strike protection [16, 23-27]. Previous 
studies have indicated that the resultant conduction of a nanostrand composite can depend 
on multiple factors. For example, an early study [28] indicates that the resistivity of 
nanostrand composites is a function of the type of polymer used as the matrix material. A 
recent publication indicates the dependence of composites conductivities on processing 
condition [29]. 
4.3 Materials and Methods 
The polymers chosen for this study are widely available commercial coating 
systems, as detailed in Table 4-1. These systems were chosen for ease of use, relevance to 
commercial applications, and correlation to previous data [22, 30]. All polymers were 
used in their as received state. Nickel nanostrands were provided by Conductive 
Composites Company and dispersed according to the manufacturer’s recommendations. 
All calculations and plots use volume fraction, as this volumetric approach allows for a 
more relevant comparison to volumetrically driven percolation mechanisms.  
4.3.1 Conductivity and Electrical Percolation Samples 
A desired volume fraction of nickel nanostrands was added to a fluid polymer 
sample, then “wet” by manual mixing methods. Dispersion was achieved by using a 
Thinky AR-250 centrifugal double planetary mixer, with a mixing duration of 20 seconds 
at 2000 rpm for all samples. It was sometimes necessary to use additional solvents to wet 
the nanomaterials at higher volume fractions (10 percent and above) in systems with a 




Table 4-1: Host Polymers Used for Nanostrand Nanocomposites 








Minwax® Acrylic/Urethane 31 Water Water based, low cost 
LaRC-CP1™ NeXolve™ Polyimide 7 Diglyme Space qualified, costly 
Desothane® HS 
CA8201/F Clear 
PRC-DeSoto Urethane 64 
Methyl Ethyl Ketone 
(MEK) 
Commercial aviation coating 
Armorseal® 










Silicone 100 Xylol 













100 Tetrahydrafuran (THF) 
Thermoplastic elastomer, 





Polyvinlypyrrolidone 100 Ethanol Correlates to nano-indentation 
* Weight percentage of polymer solids in fluid solution, in as received state. This was often modified with solvents at higher 
volume fractions of nanostrands (e.g. above 10 volume percent). Polymers received at 100% solids were reduced with solvent to 




used was variable with the volume fraction of nanostrand, with the target of a viscosity 
appropriate for spray fabrication methods. Mixtures were screened through a -50 woven 
stainless steel mesh. Care was taken to control independent variables and process all 
nanostrand dispersions, at all volume fractions and in all polymers, in as equal of a 
method as was possible. 
Dispersed nanostrand mixtures were used to produce thin coating samples on 
electrically insulating substrates (Kapton® polyimide film). Spray coatings were applied 
with a DeVilbiss FLG-3 High Volume Low Pressure (HVLP) gravity feed spray gun. A 
size 22 tip and Size 3 HVLP air cap were used, with nozzle pressure typically below 10 
psi. Samples were sprayed in the appropriate number of coats to match the polymer 
manufacturer’s specifications.  
4.3.2 Electrical Resistivity of Highly Resistive Polymer Samples 
The purpose of this test is to measure the electrical resistivity of polymer films 
without the presence of any nanostrands. These values are necessary to complete 
electrical percolation curves. These values were not available from the polymer 
manufacturers. Volume resistivity measurements were taken by ASTM D 257 – 07: 
Standard Test Methods for DC Resistance or Conductance of Insulating Materials [31]. 
Testing was performed by Intertek of Pittsfield, Massachusetts, using a guarded parallel 
plate fixture with concentric rings (as shown in Figure 4 of the test standard), with an 




4.3.3 Electrical Resistivity of Conductive Samples 
Areal surface resistivity readings of coating samples were taken using an ohm-per-square 
jig and a four point Kelvin probe resistance method, as specified in MIL-DTL-83528C: 
General Specification For Gasketing Material, Conductive, Shielding Gasket, Electronic, 
Elastomer, EMI/RFI [32]. The ohm-per-square jig for this study uses two copper bars 
2.54 cm in length, 6.35 mm wide, and 6.35 mm high. These bars are bonded to an 
electrically insulating jig that separates them by a distance of 2.54 cm, thus a surface area 
of 6.45 cm2 is measured between contact paths. Kelvin probe leads are attached to each 
bar and resistance readings are taken across the surface of each sample (see Figure 4.4). 
An Extech 380560 High Resolution Precision Milliohm meter was used for all resistance 
readings below 20 kΩ. In the rare case of resistances above 20kΩ, readings were taken 
with a handheld multimeter. 
 
 






Thickness readings were taken with a micrometer with 0.00254 mm (0.0001 inch) 
resolution. Sample conductivities were calculated using a thin film approximation and 
surface resistivity results according to: 
σ-1 =  ρ = Rs(A/l) [4.2] 
where σ is the electrical conductivity of the nanocomposite (Siemens/cm), ρ is the 
electrical resistivity (ohm-cm), Rs is the surface resistivity (ohm-per-square), l is the 
length of the separation path (cm), and A is the cross sectional area of the film between 
contact bars (given by l multiplied by the film thickness). 
Critical percolation thresholds are calculated for samples with complete percolation 
curves. Linear regression methods for deducing the percolation threshold were used [33], 
but were found to be unreliable when including data points from higher conductivity 
samples. Percolation thresholds were then determined using a linear fit of the critical 
threshold region. For samples with incomplete percolation curves, the percolation 
threshold is estimated.  
4.3.4 Dielectric Strength Testing of Polymer Film Samples 
It is hypothesized that the high voltage insulating strength of the polymers will 
correlate to the behavior of the polymers at junctions between nanostrands [34]. The 
dielectric strength of unfilled polymer films was tested using ASTM D149 – 09: Standard 
Test Method for Dielectric Breakdown Voltage and Dielectric Strength of Solid 




performed by Intertek of Pittsfield, Massachusetts, using flat 2.54 cm diameter solid brass 
discs to contact the sample and Method A, Short Time Test of the standard. 
4.3.5 Contact Angle Testing 
This experiment tests the interfacial energies of uncured or unset wet phase polymer 
solutions and their associated solvents to a nickel surface. A second component of this 
test is to compare the surface energies of cured polymer films to gain insight into how the 
polymer structure may be expected to behave in a cured or set format. Both modes of this 
test are intended to learn more about how dispersed nanostrands interact with a host 
polymer matrix. A Rame-Hart Model 100-00 Goniometer was used to perform static 
sessile drop contact angle testing. To prevent contamination between different polymers 
and solvents, the syringe was thoroughly cleaned with MEK and then rinsed in deionized 
water after each test.  New needles were used for each test. In order to simulate the pure 
nickel in nickel nanostrands, a 0.0254 cm x 2.54 cm x 2.54 cm sheet of high purity nickel 
was purchased from ESPI Metals Company and used as the base for fluid drops.  A single 
fluid drop was placed on the nickel surface, and manually aligned in the goniometer to 
obtain the contact angle. The nickel surface was cleaned with MEK between each test. 
The second mode of contact angle tests were performed with deionized water as the fluid 
and a cured polymer surface as the base.  Each polymer was mixed, spread, and cured 
according to the manufacturer’s specifications. A smooth, flat surface was produced for 
each polymer film. A water droplet was placed on the surface, and the contact angle was 
measured.  Figure 4.5 shows an example of the contact angle of water on a polyurethane 









4.3.6 Dynamic Testing: Resistance vs. Cure/Set Tests 
This test measures the electrical resistance and mass of wet phase polymer films with 
dispersed nanostrands during cure (for thermosets) or set (for thermoplastics). Previous 
work [36] has indicated that multiple slopes of resistance vs. cure time are observed 
during electrical resistance monitoring of conductive films during cure/set, and the scope 
of this experiment is to additionally monitor the mass during this same process. This 
method requires samples to experience at least some change in mass to yield test data, 
thus it is expected that the primary mechanism that is correlated will be to the evacuation 
of solvents. 
Samples are fabricated by cutting 0.0127 cm thick polyimide films to 13.97 cm by 
7.62 cm. Sections of 12 gauge stranded copper wire are cut to 7.62 cm lengths, and 




then fanned out and taped to the short edge of each sample with 2.54 cm wide copper 
tape. The copper tape is then masked with paper tape, and then the surface is cleaned with 
ethanol. A thin coating of primer is then applied to the surface. Following removal of the 
mask, the sample is cleaned again with ethanol, labeled, and weighed for a tare value. 
This sample is then taped to a 15.2 x 15.2 cm fiberglass phenolic card. All surfaces are 
then cleaned again with ethanol, and the tare weight of the assembly is recorded.  
Conductive films were applied by spray coating methods (using the same equipment 
as for percolation samples). All films use a nanostrand concentration of 7.5 volume 
percent with a targeted dry film thickness of 0.01 cm. The coating area covered the width 
of the film substrate, including the copper tape leads. The sample was then immediately 
mounted on a balance and attached to a resistance measurement circuit as shown in 
Figure 4.6. All samples were left to cure/set at ambient conditions.  
Mass readings were taken with a Highland HCB1002 balance using AdamDU data 
acquisition software.  Resistance readings were obtained with a Mastech MAS-345 
 
   
Figure 4.6: Substrates for measuring the mass and resistance of films during cure/set, 
before conductive film application (at left, lower), after conductive film application and 





digital multimeter with DMM View software. Sampling was performed every 20 seconds 
until mass and resistance values stabilized for at least one hour. Samples were then 
removed from the supporting fiberglass card and inspected for spray coating thickness, 
surface resistivity, and electrical resistivity. Three replicates were made of each type of 
polymer. 
4.3.7 Polymers Chosen for Each Test Method 
The choice of polymers for a specific test was determined by electrical percolation 
characteristics (polymers should demonstrate a wide range of electrical resistivity results 
at an equal volume fraction of nanostrands), polymer physical properties, application 
constraints, relevance to previous works, and the ability to fabricate reasonable samples.  
Table 4-2 shows the polymer used for each type of test performed in this investigation. 
 
 













Polycrylic® X X X X X 
CP1™ X X X X  
Desothane® X X X X X 
Armorseal® X X X X  
Sylgard® X X X X X 
CARC X   X  
Irogran® X X X   







4.4 Results and Discussion 
4.4.1 Electrical Resistivity and Percolation  
The measured electrical percolation behavior for all polymers in this study are seen 
in Figure 4.7.  
It is seen that there is a wide range of electrical conductivities for a given volume 
fraction of nanostrands, even at the percolation limit. Samples exhibit a critical 
percolation threshold between 1 and 5.5 volume percent, and a percolation limit generally 
at 10 to 20 volume percent. Electrical conductivities at the percolation limit are between 
10 and 1400 S/cm.  Values for the percolation limit, threshold, and electrical 
conductivities at the percolation limit are given in Table 4-3.  It should be noted that 
previous studies [22] have presented data above 20 volume percent and give a higher 
percolation limit for CP1™. 
4.4.2 Samples at Equal Volume, Equal Viscosity, and Variable Weight  
Percentage Solids  
The viscosity of the nanostrand polymer mixture is somewhat controlled in this test 
by the manufacturing process, as a certain range of viscosity is required for successful 
film fabrication. Some polymer systems can be used in their as received solution form, 
and other are received as a 100% solid pellet or as a high solids solution format. As 
discussed above, these systems must be reduced with solvent in order to disperse 
nanostrands at equal viscosities and produce spray films. At higher loadings of 







Figure 4.7:  Electrical resistivity of nanostrand filled polymer films. 
 
 









Polycrylic® 0.016 0.17 250 
CP1™ ~0.01 0.2 1400 
Desothane® 0.014 0.2 58 
Armorseal® 0.05 0.1 22 
Sylgard® 0.055 0.2 12 
CARC ~0.02 0.17 110 
Irogran® 0.012 0.15 630 























































The dispersed nanostrand polymer solution is affected by how well the polymer itself 
and any associated solvents “wet” as a mixture to produce a homogeneous solution. 
Polymer system wetting characteristics for nanostrands may be directly related to how  
well the system disperses a given amount of nanostrands at a fixed amount of solvents, or 
also related through identifying the amount of solvent needed to produce a mixture of 
matching viscosities across polymers. In this study, we choose to control viscosity to 
produce mixtures suitable for spray film application. 
The weight percentage of nanostrands correlating to 10 volume percent in each 
polymer varies based on polymer density, and as conductive percolation is a 
volumetrically driven mechanism, we maintain presenting comparative conductivities by 
comparing equal volume percentages of conductor. Figure 4.8 shows the correlation of 
weight percentage of polymer solids in the polymer solution compared to the electrical 
resistivity of a cured film with 10 volume percent nanostrands. 
An important factor when interpreting these results is that if the percentage of solids 
in the polymer is adjusted to be equal across samples, then the suspension of the 
nanostrands is often no longer possible, particularly in higher solids systems that require 
significant amounts of additional solvent. For example, if 100 wt% solids (as received) 
Sylgard® were mixed with solvent to obtain 7 wt% solids in order to match the as 
received CP1™ solution, then the Sylgard® mixture would not be able to achieve a 
reasonable suspension of nanostrands, and would have a low conductivity. This result 
could be due to the miscibility of polymers and solvents from the manufacturer. If the 
solvent ratio is too high, then the nanostrands fall out of suspension and spray films 





Figure 4.8: Film conductivites and weight percentage of polymer solids during dispersion 
for 10 volume percent of nanostrands, including correlation chart with R value. 
 
 
solvents to achieve matching viscosities. The fact that the polymer to solvent ratios 
during fabrication correlate with the final film electrical conductivities may be purely 
coincidental. 
Another consideration is that the volume percentage of nanostrands in the film is 
calculated relative to the final film (no solvents). All samples are mixed for matching 
final volume ratios and total sample volumes. However, samples with significant 
amounts of solvent will have a larger total volume during dispersion. Thus, the quantity 
of nanostrands in a sample remains fixed, while the polymer to solvent ratio, nanostrand 
volume ratio, and total sample volume during dispersion varies to achieve equal 
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cured/set state of 100% solids. For thermoset systems, this also includes the catalyzation 
and crosslinking of the polymer system. Thus, knowing the solids percentage of a fluid 
polymer system can give insight as to the effect on conductivity during processing 
conditions only. It is anticipated that altering the types of solvents used to reduce the 
polymer, and also the use of surfactants, could significantly impact the electrical 
conductivity results in the final film. 
4.4.3 Dielectric Strength Testing 
The dielectric strength and electrical resistivity of each polymer were tested using 
solid polymer discs, and thus are analogous to the dry phase films that are characterized 
with nanostrands. The results of this test are shown in Figure 4.9. 
It is seen that the electrical resistivity (inverse of conductivity) of a polymer without 
nanostrands does not correlate with electrical conductivity with nanostrands. Likewise, 
the dielectric strength of the polymer film does not correlate to conductivity with 
nanostrands. The dielectric strength  correlates to nanostrand sample conductivity with an 
R2 value of 0.2965, and the unfilled polymer resistivity correlates to nanostrand sample 
conductivity with an R2 value of 0.0668. This indicates that the film properties that drive 
conduction mechanisms in nanostrand composites must be related to some other physical 
property or phenomenon.  
We hypothesize that the critical electrical interface in nanostrand polymer 
composites is at the junction between nanostrands, which will be a function of junction 
thickness, number of junctions, junction conductivity, and quantum tunneling 





Figure 4.9: Correlation of base polymer resistivies and dielectric strength to electrical 
conductivity at 10 volume percent of nanostrands. 
 
 
dispersion and volume fraction, but by the adsorbed layer [37, 38] of polymer on the 
nanostrand surface. These areas will be the subject of future studies. 
4.4.4 Contact Angle Testing 
The results of two modes of static contact angle testing are presented. The first mode 
tests the contact angle of polymer solutions on a pure nickel surface. This is intended to 
simulate how well nanostrands will wet to a host polymer during dispersion and 
fabrication processes. The next mode inspects the contact angle of a drop of deionized 
water on the cured or set polymer film surface. These polymer film surface samples do 
not contain any nanostrands or nickel. This tests the surface energy characteristics of the 

























































































film. The results of these tests are order ranked according to electrical resistivity results 
and correlated in Figure 4.10. 
The contact angle of polymer solutions on a Ni surface correlates to nanostrand 
sample conductivity with an R2 value of 0.0428, and the contact angle of water on the 
solid polymer surfaces correlates to sample conductivities with an R2 value of 0.0071. 
These R values indicate that there is no correlation. The failure of either method to 
correlate to percolated sample conductivities indicates that wet film surface energy 
characteristics are a poor predictor of conductivity with nickel nanostrands. We conclude 
that within the scope of this experiment, the wet phase polymer solution contact angles 
on a nickel surface, as well as the surface energy wetting angles of polymer films, are 
poor predictors of percolated conductivity results. 
 
Figure 4.10:  Electrical resistivity and contact angle results of polymer solutions on a Ni 
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4.4.5 Electrical Properties during Cure/Set (Dynamic Resistance vs. Cure) 
A plot of the electrical resistance of nanostrand/polymer films during cure is shown 
in Figure 4.11. Sylgard® and Desothane® are two part catalyzed systems, whereas 
Polycrylic® is a single stage acrylic urethane. All of these systems are considered 
thermosets for the purposes of this test. It is seen that the onset of conduction follows the 
evacuation of solvents from the sample. It is noted that the percentage of mass loss in the 
sample follows the discussion and data from Section 4.2, with higher percentage mass 
loss for samples with a lower percentage of polymer solids during nanostrand dispersion. 
Polycrylic® samples exhibit some irregularity at the onset of conduction, which was 
previously hypothesized to indicate multiple factors at the onset of conduction. We 
deduce that the stabilization of resistivity at approximately one hour is directly related to 
the final evacuation of solvents from the sample.  The first change in slope at 
approximately 30 minutes may be due to another factor, such as the settling and 
interconnection of the nanostrand lattice. Much smoother conduction onset curves are 
seen for urethane (Desothane®) and silicone (Sylgard®) samples. The silicone samples 
exhibit a conduction curve that stabilizes more rapidly than the corresponding mass 
reduction curve, indicating that crosslinking of the polymer film may be a factor in 
developing and stabilizing conduction properties. The urethane conduction curves show 
that the solvent evaporates more slowly than for the other samples, and also that 
conduction loosely follows the mass reduction curve but then continues to develop over 







Figure 4.11: Time dependent resistance and mass data for spray film samples with 7.5 




Figure 4.12 shows the resistance of the films during cure as a function of volume 
percent nanostrands in the curing film. It is noted that this is a plot of resistance as 
opposed to resistivity. As the sample volume changes during solvent evacuation, the 
sample volume required to calculate a resistivity also changes. The effect of this offset is 
small and does not prohibit conclusions from the resistance plots. All films end at 7.5 
vol% nanostrands after solvent evacuation. It is noted that the onset of conduction 
follows behavior similar to a percolation curve, with steep changes in conductivity over a 
narrow range, preceded and followed by much more stable behaviors. The critical 
percolation thresholds and general behaviors for Polycrylic® and Sylgard® are 


























































Figure 4.12:  Electrical resistance during cure/set versus volume percent of nanostrands 
(polymer plus nanostrands are solids relative to evacuating solvent). All samples have a 




behavior is not seen until an apparent nanostrand volume percentage of over 5%, 
significantly higher than the dry film percolation threshold of less than 2%. This is also 
seen in the time required for the onset of conduction. We consider that this indicates that 
conduction in Polycrylic® and Sylgard® is strongly related to solvent evacuation, where 
conduction in Desothane® is not related to solvent evacuation but is strongly related to 
polymer cure. 
4.5 Conclusions 
Through this study, a better understanding of the interactions and salient variables 
that affect polymer nanostrand film conductivity at equal volume fractions of filler has 
































properties has been made. While most of the polymer physical property tests have not 
correlated to conductivity results, they have been necessary tests that give insight to the 
true mechanisms of conductivity and variables of impact. 
This improved understanding of the parameters through which polymer physical 
properties relate to dispersed nanostrand film electrical conductivities is an important step 
in developing predictive capabilities for assessing candidate polymers prior to nanostrand 
dispersion. This information is also an important for understanding improved material 
models for nanostrand polymer conductivity.  
The next steps from this effort will be to seek understanding of the critical interfaces 
in nanostrand polymer composites at the conductive junctions between adjacent strands. 
The polymers must next be tested for adsorption on a nanostrand surface, molecular 
weight, and quantum tunneling characteristics. Investigations into the electromagnetic 
field effects within a nanostrand sample as well as modeling efforts and predictive 
capability development will follow. 
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The electrical conductivity of composites and polymeric based systems is frequently 
improved by the addition of conductive additives to form a conductor-insulator binary 
system. This study considers nickel nanostrands as a conductive element in polymer 
systems. Materials characteristics are considered in order to form a basis for 
understanding and predicting the electrical percolation behaviors of nanostrand 
composites, specifically seeking models that can distinguish between different polymer 
systems. Empirical percolation data for nickel nanostrands in four different polymeric 
systems is presented and used to evaluate candidate electrical conductivity models. 
Classical percolation approaches are found to not show good fit, but more advanced 
models are able to provide good correlation to tested results. Specifically, Tunneling 
Percolation (TPM) models and the Two Exponent Phenomenological Percolation 
Equation (TEPPE) model based on the Generalized Effective Media (GEM) theory show 
good fit. A combined TEPPE-TPM approach is developed that applies tunneling 
percolation to the GEM theory. This combined model includes tunneling considerations 
in equations that accurately represent behaviors in all regions of percolation behavior. 
5.2 Introduction 
The development of highly conductive polymeric systems has led to broad interest in 
both commercial and defense applications. Required electrical specifications often span 
many orders of magnitude in resistivity performance, and the development of highly 




electrical conductivity into otherwise insulating polymer systems is to use conductive 
fillers to form a binary composite system which percolates electrically1,2. Newly available 
nanomaterials show promise for improved properties in these conductor-polymer 
composites3,4. 
Nickel nanostrands5 are a new material that show advantageous geometric and 
percolation properties. They are sub-micron diameter (typically 50-300 nm), high aspect 
ratio nanostructures. Nanostrands feature an intrinsic three-dimensionally interconnected 
structure that creates completed loops and demonstrate a branched nature (See Figure 
5.1). This interconnecting structure is observed in situ when dispersed in polymeric or 
fluid systems. 
The looped and branched nature of the nanostrand structure facilitates three-
dimensional interconnection at low volume fractions. The nanostrand structure can be  
 
 
Figure 5.1: Nickel nanostrands, as-manufactured (left) and dispersed in fluid and polymer 




viewed as a “skeleton” rather than a full “body” (such as solidly structured conductive 
particles, e.g. spheres and flakes). The void space of the nanostrand structure is filled 
with the host matrix, facilitating better preservation of material properties while 
providing a conductive percolating skeleton structure. Nickel also provides from high 
intrinsic electrical conductivity, ferromagnetic properties, and corrosion resistance. Test 
results have indicated electrical performance that is significantly more conductive, at 
equal volume fractions than other conductive fillers. For example, nanostrand mixtures 
percolate to higher electrical conductivity levels than carbon nanomaterials3,4,6-8.  
In this work, the percolation characteristics of nickel nanostrands as the conductive 
phase in metal-polymer composites are investigated. Nanostrand polymer composites are 
used in applications including electrostatic discharge, electromagnetic shielding, caulks, 
gaskets, adhesives, paints, and lighting strike protection. However, previous work has 
been primarily empirical, and there has been little investigation in developing models to 
explain and predict nanostrand-polymer system electrical properties. Thus, a primary 
purpose of this study is to identify suitable models for understanding and predicting the 
electrical percolation properties of nanostrand polymer composites across multiple 
polymer systems.  
5.3 Modeling Background 
Previous work9 on the static state modeling of nanostrands systems have followed 
the effective medium method of Maxwell10 and shown poor correlation across relatively 
few data points. Recent work by Johnson has provided a piezoresistive model with good 




approaches that investigate the polymer dependent percolation behaviors of nanostrand 
systems. Several common classes of models are considered and examined for relevance 
to nanostrand composites. As the intention of this work is to serve as an overview and 
evaluation of the models deemed most suitable for nanostrands, only brief reviews of 
each model are given. The reader is encouraged to consult the included references of each 
approach for further details on each approach. Many excellent works are available on 
modeling electrically conductive materials in insulating systems (for example, see 1-3,12-16 
and the references therein).  
Most efforts towards understanding mixtures of conductive materials dispersed in 
insulating polymers are based on percolation theory. Percolation theory deals with the 
behaviors of interconnected random clusters, and is regularly applied to randomized 
and/or distributed cases dealing with transport mechanisms through a volume. This effort 
is focused on percolation as applied to mixtures of dispersed electrical conductors 
(nanostrands) in electrically insulating matrices (polymer films). Percolation models for 
this case are generally divided into two categories: physical percolation and tunneling 
percolation. Based on the results of previous publications17 and the observed percolation 
behaviors in sample sets, it is expected that nanostrands will be accurately modeled by 
percolation models and tunneling models.  In physical percolation approaches, the 
conductors are assumed to touch physically as a dispersed system. In tunneling models, 
the conductors remain isolated from adjacent conductors by the insulating host, and 
electron transport mechanisms are governed by non-contact mechanisms such as quantum 




consider both cases (for example, see1,12). Physical percolation is classically approached 
using the Excluded Volume Approach18, which led to the Random Void and Inverse 
Random Void models19 to explain nonuniversal behaviors. Classical percolation as 
presented by Stauffer and Aaharoni2 explains conduction in a mixture of insulating and 
conductive particles based on the probability of electrical contact, which generally 
follows a power law form (as presented in the following section). Mclachlan20,21 
developed a generalized media approach to conductor insulator mixtures based on 
Bruggemans symmetric theory, which is detailed in the following section. 
Percolation based thermodynamic models account for the surface energies of the 
constituent materials, thus including conductor-insulator interactions between different 
types of polymer hosts. Previous work22 has shown that this is a critical variable for 
nanostrand-polymer composites, and the intention of previous efforts23 has been to 
identify which polymer characteristics are most relevant to the conductivity of nanostrand 
composites at equal volume fractions in different polymers. Thermodynamic models such 
as those proposed by Mamunya24 and Clingerman25 have shown good correlation to 
carbon based systems in thermoplastic polymers16,25. These models involve several fitting 
factors and constants that must be obtained empirically through regression analysis. 
While these models have worked well for carbon based thermoplastic systems, previous 
work23 has not shown good correlation of polymer surface energy characteristics to 
nanostrand composite electrical conductivities in wet phase dispersed thin films. An 
additional difficulty in correlation is that the dispersion of the nanostructure occurs 




conductivity of the sample is measured in the cured/set solid phase. The surface energy 
characteristics of the constituents must be determined for both the un-catalyzed or solvent 
based fluid phase and solid phase of the polymer system. In the previous study, no 
correlation was seen in the polymer fluid solution phase or solid phase surface energies to 
electrical conductivities in nanostrand composite. As the available surface energy data 
does not show correlation to percolation samples conductivities, thermodynamic models 
are not pursued in this present work. It is anticipated that manufacturing methods that do 
not involve solvent based alterations to the polymer phase will provide better correlation, 
as this has been the basis of success in previous studies25. Further characterization efforts 
in nanostrand polymer systems will include improved methods for studying constituent 
surface energy properties, particularly for fluid phase polymer systems. 
Recent works have provided valuable insight to the tunneling-percolation 
relationships in conductor-insulator percolation systems19,26-28. Tunneling approaches 
consider that the conductors in an insulator conductor composite remain physically 
separated (such as by a thin polymer layer adsorbed on the conductor surface29,30), and 
must thus rely on quantum tunneling effects to achieve conduction between adjacent 
elements. Tunneling in conductor insulator mixtures was suggested by Sichel31 and 
further developed by Carmona32, Balberg19, Rubin33, and more recently by Grimaldi and 
Balberg28. There have been several recent works regarding Monte Carlo simulations for 
tunneling percolation conductivity in graphene nanocomposites34,35 and carbon nanotube 
composites36. Nickel nanostrands were specifically considered in a piezoresistive 




approach of Rubin is followed, which explains nonuniversal behaviors and transport 
mechanisms in conductor insulator composite systems. 
5.4 Models Used in This Study 
5.4.1 Classical Statistical Percolation 
Classical percolation models are statistical in nature, and are based on the probability 
of contact between adjacent constituents in a representative area (two dimensions) or 
volume (three dimensions). Classical models consider a network of conductive links in a 
nonconductive matrix, and model the connectivity across an infinite sample of a network 
structure. When a sufficient volume of conductors are present to create an electrically 
conductive path through a volume, an abrupt change is conductivity is observed, referred 
to as the critical percolation threshold. For loadings at and above this value, the 
conductivity of the composite follows a power law given by2,15,37: 
        
        
 (5.1) 
where   is the electrical conductivity of the sample,   is the probability of contact 
between conductors,    is the critical contact probability associated with a drastic change 
in electrical conductivity in the sample, and     is the scaling exponent, which is 
generally reported as 2 for three-dimensional percolation. Variations in the scaling 




If the probability of contact is determined by the volume fraction of the percolating 
filler and scaled by the conductivity of the filler, the percolation relationship takes the 
following form as expressed by Kirkpatrick40 and Zallen41: 
          
        
 (5.2) 
where    is the electrical conductivity of the filler,   is the volume fraction of conductor, 
and  c is the critical volume fraction of conductor at the percolation limit. The resistivity 
of the composite continues to follow this power law until a percolation limit is reached. 
This loading presents a limiting value for well dispersed conductive networks. For 
loadings above this value, a decrease in electrical and mechanical properties is often 
observed, indicating that the polymer host is no longer capable of facilitating additional 
increase in metallic filler. For nanostrands, the conductivity of the filler is assumed to be 
that of nickel, with a value of 1.44E6 S/cm. As demonstrated in the results, this classical 
model does not generally show sensitivity or good fit. The approach has been included 
here as a reference basis for more advanced models.  
5.4.2 Modified Statistical Percolation (MSP) Models 
A natural extension of the classical percolation approach is to remove the assumption 
of universality in the scaling exponent and to seek appropriate scaling factors. The use of 
scaling factors is not considered to invalidate universality, as even the linear fitting of 
naturally occurring processes typically requires a constant correction factor to match 




           
      
 (5.3) 
where   is a nonuniversal scaling exponent that can be obtained by various methods, and 
  is a scaling factor based on differences in percolation behaviors. In this study,   is 
obtained through linear regression of experimental data. The value of   is determined 
through curve-fitting techniques.  
5.4.3 Tunneling Percolation Models (TPM) 
In a conductor-polymer composite, electrical resistivity is dominated by resistance 
between neighboring conductive elements. The contact points where electron transport 
occurs can be referred to as “junctions”. Resistance through the conductors is considered 
to be much smaller that resistance of the junction. For junctions with very small gaps (on 
the order of several nanometers), the junction resistance may be modeled by assuming a 
quantum tunneling effect42.  
An approach to classical percolation that includes electron tunneling at insulator 
filled junction is given by Rubin33. This model is referred to as a tunneling-percolation 
model (TPM). The TPM approach also includes consideration for if a dispersed 
conductor features a “high structure,” and this metric is judged relative to spherical 
structures. Spheres are considered as a “low” structure; more randomized or elongated 
structure are considered to be more “high.” This consideration is significant for the 




Using a simplified Hertz distribution for particle distribution, the probability of 
electron tunneling in the percolated composite, and the nodes-link-blobs (NLB) approach 
common in percolation theory2,19,43, the TPM percolation model takes the form of: 
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 (5.4) 
where     is the universal critical exponent,   is the separation distance between 
conductors, and   is the characteristic tunneling distance of the polymer system. 
Typically it is assumed that the separation distance between conductors is dependent on 
dispersion characteristics44,45, the thickness of the polymer layer that is adsorbed on the 
conductor surface12,29,30, and the volume fraction (and packing arrangement) of 
conductor. 
For this TPM approach, the packing fraction and corresponding distance between 
conductors is estimated to be inversely proportional to the volume fraction of 
nanostrands. The critical percolation threshold of a particular polymer system is also 
estimated to be directly proportional to the characteristic tunneling distance. The 
separation distance is then given by: 
  




The characteristic tunneling distance   for nanostrand polymer composites has been 
the subject of previous studies11. The tunneling voltage and tunneling current of thin 




which the tunneling voltage and current curves cross over is taken as the characteristic 
tunneling distance. The cross over is fully transitioned within a 1 nm range. Four 
polymers were tested, of which two (TPU and silicone) are included in the present study. 
Accordingly, the TPM model is tested only for these two polymer systems.   
A scaling correction factor   is required to shift the curve to the proper region of the 
nanostrand percolation curve. This correction factor is assumed to be dependent on the 
polymer tunneling characteristics, with a larger correction factor needed for systems with 
larger characteristic tunneling distances and percolation thresholds. The TPM model then 
takes the following form: 
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 (5.6) 
5.4.4 Generalized Effective Medium (GEM or TEPPE model) 
A Generalized Effective Medium (GEM) approach has been developed by 
McLachlan, with works published in 198520 and 198621,46. This approach is based on 
interpolation between Bruggemans symmetric and asymmetric theories. The symmetric 
theory is based on random mixture of contacting spheres, and the asymmetric theory is 
based on a two component dispersion of spheres in a host, where the spheres are coated 
with the host component. McLachlan considered this model to describe the conductivity 
of isotropic binary mixtures in terms of the conductivities, volume fraction, and 
morphology of each parameter. This work was later extended to consider complex 




works17,44 as the Two-Exponent Phenomenological Percolation Equation (TEPPE), given 
by: 
     
  
 

























   (5.7) 
Solving at limits of zero and infinity yields the following expressions: 
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These equations function as the normalized standard percolation equations 
characterized by the exponents   and  . Mclachlan gives a universal value for   of 0.87, 
with reported values ranging between 0.37 and 1.28. The exponent   is reported to have a 
universal value of 2 with values between 1 and 6.27. In this work, a value of 0.2 is used 
for  , and a value that varies across polymer types between 3.2 and 4.7 is used for  .  
A main advantage to this approach is the ability to account for conductivity 
behaviors that are different below and above the percolation threshold, thus providing a 
model across any level of conductor volume fraction. McLachlan (17 and the references 




measured electrical behaviors indicate continuum behavior for conductor-host or 
insulator-host models, or percolation driven TEPPE-like behaviors. Observed nanostrand 
percolation curves indicate that nanostrand composites behave as percolation systems. 
5.4.5 Combined TEPPE-TPM Model 
Based on the approaches of Rubin (TPM) and McLachlan (TEPPE), a combined 
model is developed based on the effective media approach with explicit consideration of 
electron tunneling above the critical percolation threshold. Where Rubin applies 
tunneling behavior in the exponent of the generalized classical percolation case, it is 
applied herein to the TEPPE solutions at the lower limit (above the percolation threshold) 
to yield the following:  
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This approach includes the implied hypothesis that conduction mechanisms up to and 
within the percolation threshold can be understood by generalized media theories, and 
that conduction mechanisms above the percolation threshold must also include 




available for two of the polymers in this study, this combined model is also tested against 
only those polymers.  
5.5 Experimental 
The polymers chosen for this study are widely available commercial systems, as detailed 
in Table 5-1. These systems were chosen for ease of use, relevance to commercial 
applications, and correlation to previous data22,47. All polymers were used in their as-
received state and prepared according to the manufacturer recommendations. Nickel 
nanostrands were provided by Conductive Composites Company and were dispersed 
according to the manufacturer recommendations48. All calculations and plotted data use 





Table 5-1 Host Polymers for Nanostrand Nanocomposites (this study) 
Tradename Manufacturer Type Notes 
Polycrylic® Minwax® Acrylic Urethane Water based, low cost 





Multifunctional silicone system, tested 







Thermoplastic elastomer, tested in 






5.5.1 Conductivity and Electrical Percolation Samples 
Polycrylic®, Desothane®, and Sylgard® samples were received as fluid mixtures 
suitable for nanostrand dispersion, with solvent correction for viscosity as needed. 
Irogran® samples were received as a solid pellet, and were dissolved in tetrahydrafuran 
and methyl ethyl ketone prior to nanostrand dispersion. A desired volume fraction of 
nickel nanostrands was added to a polymer system and wet by manual mixing. Dispersion 
was achieved by using a Thinky AR-250 centrifugal double planetary mixer. A mixing 
duration of 20 seconds at 2000 rpm was used for all samples. It was sometimes necessary 
to use additional solvents at higher volume fractions (10 percent nanostrands and above), 
particularly in systems with a higher volume fraction of polymer solids. Mixtures were 
screened through a -50 woven stainless steel mesh. Care was taken to control independent 
variables and to process all samples in as equal of a method as was possible, across all 
volume fractions and for all polymer types. 
Dispersed nanostrand mixtures were applied as thin coatings on electrically 
insulating substrates (Kapton® polyimide film). Spray coatings were applied with a 
DeVilbiss FLG-3 High Volume Low Pressure (HVLP) gravity feed spray gun. A size 22 
tip and Size 3 HVLP air cap were used, with nozzle pressure typically below 10 psi. 
Samples were sprayed in the appropriate number of coats to match the polymer 
manufacturer’s wet mil and build specifications. Target final sample film thickness was 





5.5.2 Electrical Resistivity of Highly Resistive Polymer Samples 
The purpose of this test is to measure the electrical resistivity of polymer films 
without the presence of any nanostrands. These values were not available from polymer 
system manufacturers. Volume resistivity measurements were made by ASTM D257 – 
07: Standard Test Methods for DC Resistance or Conductance of Insulating Materials. 
Testing was performed by Intertek of Pittsfield, Massachusetts, using a guarded parallel 
plate fixture with concentric rings, with an electrification time of 60 seconds at 500 volts. 
5.5.3 Electrical Resistivity of Conductive Samples (Beyond                            
Percolation Threshold) 
Areal surface resistivity readings of coating samples were taken using an ohm-per-
square jig and a four point Kelvin probe method, as specified in MIL-DTL-83528C: 
General Specification for Gasketing Material, Conductive, Shielding Gasket, Electronic, 
Elastomer, EMI/RFI. The ohm-per-square jig for this study uses two copper bars 2.54 cm 
in length, 6.35 mm wide, and 6.35 mm high. These bars are bonded to an electrically 
insulating jig that separates them by a distance of 2.54 cm, thus a surface area of 6.45 cm2 
is measured between contact paths. Kelvin probe leads are attached to each bar and 
resistance readings are taken across the surface of the sample (see Figure 5.2). An Extech 
380560 High Resolution Precision Milliohm meter was used for all resistance readings 
below 20 kΩ. In the rare case of resistances above 20kΩ, readings were taken with a 







Figure 5.2: Kelvin Probe method for surface resistivity of conductive coating films. 
 
Thickness readings were taken with a Mutitoyo IP65 micrometer having 0.002 mm 
resolution. Sample conductivities were calculated using a thin-film approximation and 
surface resistivity according to: 






where   is the electrical conductivity of the nanocomposite (Siemens/cm),   is the 
electrical resistivity (ohm-cm),    is the surface resistivity (ohm-per-square),   is the 
length of the separation path (cm), and   is the cross sectional area of the film between 




5.6 Results and Discussion 
5.6.1 Electrical Resistivity and Percolation  
The measured electrical percolation behavior for the polymers from Table 5-1 is 
presented in Figure 5.3. There is a wide range of electrical conductivities for a given 
volume fraction of nanostrands, even at the percolation limit. Samples exhibit a critical 
percolation threshold between 1 and 5.5 volume percent, and a percolation limit generally 
at 10 to 20 volume percent. Electrical conductivities at the percolation limit are between 
12 and 630 S/cm. 
 
 
Figure 5.3: Electrical resistivity percolation of nickel nanostrands in polymer films. 



















































Percolation thresholds were determined using fitting methods at just the critical 
threshold region. Linear regression methods were also tested for fitting the percolation 
threshold49, but were found to be unreliable when including data points from higher 
conductivity samples. Values for the percolation threshold, limit, and electrical 
conductivities at the percolation limit are given in Table 5-2.  
5.6.2 Models Fit to Experimental Data 
The fit of the classical statistical power law is shown in Figure 5.4. While the basic 
power law does capture differences in the percolation threshold, it cannot distinguish 
between differences in the percolation limit across polymers, nor does it lie within the 
proper region of actual conductivity behaviors.  
The use of the modified statistical percolation (MSP) model, as shown in Figure 5.5, 
yields an improved fit to experimental data. Scaling exponent values remain close to the 
universal case, which indicates a conductive filler with a highly irregular structure 19,33. A 
relatively constant value of   is used to shift the modified statistical percolation model to 
the proper conduction regime. It was theorized in previous efforts 23 that the electrical 
resistivity of the polymer would be an appropriate correction factor for scaling the 
percolation power law. However, measured resistivities for the unfilled polymers reveal 
that the electrical resistivity of the polymer does not regularly correlate to either the 
percolation threshold or percolation limit for available data. 
The TPM model shows a significantly improved fit over standard power law 
approaches. Figure 5.6 shows that the TPM has a good fit to both of the polymers with 
















0.016 0.20 250 
Desothane® urethane 0.017 0.15 58 
Sylgard® silicone 0.055 0.20 12 





Figure 5.4: Experimental results compared to the classical percolation power law model. 
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Figure 5.5: Experimental results compared to the Modified Statistical Percolation (MSP) 
model. 
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Figure 5.6: Experimental results compared to the TPM approach. 
 
The TEPPE approach allows fitted exponents for each conduction region (thus 
accounting for different behaviors above and below the percolation threshold) along with 
polymer and filler conductivities. In order to avoid plotting asymptotic behaviors at 
transition regions, the divergence of the equations near the limits of each bound must be 
considered when selecting resolution levels for plotting results. Fits to the TEPPE are 
given in Figure 5.7. 
It is seen that the TEPPE models fits very well in the regions of the percolation limit, 
but not as well at the percolation limit. The scaling exponent is seen to be relative to the 















































critical percolation threshold of each polymer system.  The combined TEPPE-TPM 
model includes tunneling considerations above the critical threshold to yield the fits given 
in Figure 5.8.  
The combined TEPPE-TPM model shows superior fit at all volume fractions. The 
strength of this model lies in the combined ability to distinguish between the different 
regions of the percolation curve with separate equations, strengthened by the inclusion of 
quantum tunneling behaviors above the percolation threshold.  
Values used for modeling fits are summarized in Table 5-3. 
 
 
Figure 5.7: Experimental results compared to the TEPPE approach. 




















































Figure 5.8: Experimental results compared to the combined TEPPE-TPM approach. 
 
 
Table 5-3  Values for Modeling Fits 
Polymer    
       
(S/cm) 
        
(S/cm) 






   
(TPM) 










Polycrylic® 0.016 1.44E6 8.47E-8 2.1 1.0E-10   4 0.2 
Desothane® 0.017 1.44E6 2.54E-11 2 1.0E-10   4 0.2 
Sylgard® 0.055 1.44E6 2.96E-14 3 1.0E-10 10 1.0E-4 4.7 0.2 
Irogran® 0.015 1.44E6 4.42E-13 2 1.0E-11 6 0.5E-3 3.2 0.2 
















































Nickel nanostrands show promise as a conductive element in conductor-insulator 
polymer composites. This work specifically seeks nanostrand polymer composite 
electrical resistivity models that can distinguish between polymer systems. Classical 
approaches in the simplest forms do not show good fit, but more advanced theories based 
on tunneling percolation and GEM theory show improved accuracy. Specifically, the 
TPM model and TEPPE models show good fit. The combined TEPPE-TPM approach 
developed herein considers both generalized effective media approaches and tunneling 
percolation, and this model shows the best fit to electrical resistivity in nanostrand 
composites. This model is able to combine the physical considerations of both 
approaches in separate equations that represent behaviors both below and above the 
percolation threshold.  
Future efforts that focus on the conductor-insulator-conductor (”junction”) will yield 
models with even further improvements, as is evidenced by the promise shown by the 
TPM model. Future studies will also seek to include polymer system properties in terms 
of molecular weight and adsorbed layer thickness, along with additional studies of 
surface energy characteristics.  
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6 CONCLUSIONS AND RECOMMENDATIONS 
 
 The characteristics of nickel nanostrands as the conductive phase in polymer 
composites have been investigated. Results indicate electrical performance that is 
significantly more conductive, at equal volume fraction, than alternative conductive 
fillers. This work has shown the research progression for conductive behaviors and 
structure property relationships, with an overall goal to seek understanding of polymer 
dependent percolation behaviors. 
The conductivity performance of nanostrands is first investigated in an epoxy 
adhesive. This first effort also includes baseline electrical and mechanical properties. 
Variations in electrical resistivity properties based on sample volumes are observed, 
indicating the criticality of the nature and number of conductor insulator interfaces. This 
effort also clearly indicates the dependence of conductivity to processing conditions. 
Nanostrands are not a significant factor in altering the mechanical behaviors of the 
polymer system. 
Statistical topology tools can identify and quantify the in situ nanostrand structure. 
These topology tools enable a predictive capability for quantifying fluid phase nanostrand 
dispersions, and correlating to cured film properties. This is an important predictive and 
sampling capability for dispersions in polymer systems. The quantification of the in situ 





Testing across multiple polymers indicates a strong dependence on polymer type in 
electrical conductivity performance. The critical percolation threshold and percolation 
limit are identified across multiple polymer systems. The characterization of the onset of 
conduction during cure or set indicate the onset of conduction as a function of mass and 
cure time, and shows the correlation of electrical conduction percolation behaviors to the 
volumetric concentration of nanostrands. In some cases, conduction is clearly related to 
total volume fraction. In other cases, conduction depends more strongly on polymer cure 
state. Physical and interfacial property tests of constituent materials indicate that bulk 
polymer properties and polymer fluid phase interfacial properties are not good predictors 
of conduction properties. It is expected that the key predictors for conduction of 
nanostrand polymer composites must be identified at the interfacial junction between 
adjacent nanostrands.  
Several materials models are identified as suitable candidates for representing 
nanostrand percolation behaviors. Scaling exponents and factors are developed, and the 
accuracy of each approach is evaluated. More advanced models based on tunneling 
percolation model (TPM) and generalized effective media (TEPPE) approaches show 
improved accuracy. These advanced models are combined in a TEPPE–TPM model that 
shows good correlation to percolation behaviors. This combined model applies a general 
field solution and a tunneling percolation solution, indicating that both factors are 
significant in understanding conduction behaviors. It is expected that this combined 
approach will show improved correlation to modeling efforts for similarly structured 




expected that further investigation into mechanisms and characteristics at the conductive 
junction will lead to more universal models that can rely more heavily on polymer 
properties. 
Enhanced understanding of conduction in nanostrand polymer systems contributes in 
several areas, particularly regarding percolation points and conduction models. Empirical 
solutions are no longer the only method for characterizing nanostrand polymer 
conductivities. Conduction can be understood in terms of dispersion practices, polymer 
types, constituent properties, quantified characteristics of the dispersed structure, and an 
expectation of the onset of conduction. These predictive capabilities provide valuable 
insight for the integration of nanostrands into polymeric systems. Results are analogous 
to other conductor insulator composites; thus the field of conductor insulator composite 
applications is advanced.  
Recommendations for work include focusing more closely on the insulating polymer 
regions between dispersed nanostrands (the polymer-nanostrand-polymer “junction”). 
Investigation topics should include the adsorbed polymer layer between nanostrands, the 
molecular weight of the polymer system, and the energy barrier heights related to 
quantum tunneling behaviors. 
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